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Astronomical Inflation 

In astronomy, according to the theary of infla- 
fon, thee universe uadenvend.a period of ex: 
freely acocherbed expansion when if was onty 
O draciice of 2 second old. This arocer: made the 
universe Ell, isotropic, and homogeneous, and 
M enplvins how quantum ovechanical seeds de- 
veloped feo the largencale siruclure wee obser 
foday. The theory also predicts thal gravitational 
wives were produced during the early indlaticn- 
ary phase. Alternate Ueormes eeher predict 

no gravitational wanes or waves with different 
promertie. Krauss af af (o. 989) review how 
primordial qravialional wawes could provide 
information on ihe physics shortly atber the Bag 
Bang and Pow ihey coud be debected andirecthy 
through their ienprint on che comnic microwave 
background radiatian—relic redivtion Irom the 
Big Bang released when ihe wniverse benace 
franspanen bo chactromagnelic ndiation. 


All Together Now 


In the social amoeba Oiotposteline discageum, 
periodic syntheris and release of cpelic AMP 
(oAAF) guides the cellular aggregation required 
fo fore fruiting bodies. It has been unclear 
whether che initiation of this behavior ts cwing bo 
fynicheonizalion of autonomously otcilating cells 
oe whether individual cells remain nonoscillatory 
unless the entire population becomes cclapory. 
Gregor ef al tp, LO2L, published online 22 
April: see the Perspectrer by Primdle and Hasty) 
med Inee-cell maging bo how that cAMP pubes 
ceiginabe teen a specific location in space and 
Ehat individizal cells mont in and owt of thie 
“ignaling centers. The obienvaiiond aeggent thal 
caciilations do mod onginate from automoenous 
actnatie of specialived cells. doweret, indnidual 
wells do display shochastic CAMP-pulsing below a 
threshold extemal concentration of cAMP amd the 
generation of gmchnronined acctlations could cety 
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<< Wet Twists and Turns 


When salts dissolve in water, thelr constituent podtively and megatively 
charged ions ane pulled apart and surrounded by shells of HO molecules 
(see the Perspective by Skinner). Ji et af. (p. 1003) locked closely at the 
motion in the shells, using a type of virationall spectroscopy sensitive 
to both the orientation and to the neighbors of the targeted molecules. 
In agreement with revent theoretical predictions, the individual water mol- 
ecules dhifted orientation bebween an anion and the saroureding liquid in 
iudden dittrete steps, rather than by making «mooth incremental rotations. 
There’) ef af, Ip. L008) compared the relative impacts of cations and anbons on 
the rigidity of the wider water network, using spectroscopic techniques sensitive to 
the role of each jon. Certain cation/anion combinations, such as magnesium dullate, ap- 
phared fo act together to restrict waber motion beyond the boundaries of individual shells, 


be evdeled accurately when this random pulsing 
wide Eh ine aodeeurl 


Clearing Up the 
Inner Core 


The behavior of Earth's core 
controls the planet's heat 
budge! aed ming nestic 

eld, yet its ehracture 
remains eeigmatic. For 
itlande, The sere 
properties of the sotid in- 
mer cone jugonst hemippheri- 
call dinachuiral aayreenetry, bul 
quistions remain as io how these warlabors arose 
(ope the Pergpectine by Butler). Monnereau 

eft (p. 1004, published online 15 Apeil encd- 
led graan dines. of oneiatling icon—the predicted 
Gaaninar mineral phace in the coee——arid) bene 
that a slow translational motion easbwand may 
tigger meting in the Eastern Hemisphere and so- 
lidification in the Western Hemisphere, creasing a 
lopsided core. Dowss ef af. (p, 1018, pubthed 
octine 15 April) eaamingd thee normal-mode 
semic structure of the inner core, colledied from 
90 Lange earthquakes, which reveal not put simple 
heeriphercal waramions, but mane nuanied 
regional sinuctures, The overlap of the seismic 
dase wath Earth's magnetic field suggests that 
directionally dependent crystal aligeenera in ihe 
inner cont fomeed during the solidification of she 
one of 2d a conequence ol strong feeces exerted 
by magnetism. 


More Crossings 
for Graphene 


Graphene, which consists of single sheets al 
graphite, has a number of distinctive electronic 


properties, including a comical shecture that 
beads to a “Dare point” where the valence and 
Conduction bad intersect 21a Fenoanengy 
point, Bostwick ef ol fp. 999) used angle 
reiolred pholoemision ipecbrdcopy to Plucy 
graphene that was deped wiih alkali aioe 
and sutpended fron its substrate. They 
observed features aperiated wiih 
plasmarons, which arise frown the 
interaction of the charge carri- 
ers with plasmons, the density 
oscillations of the electron gas. 
The Dirae crossing how Becomes 
Dine Ceossangs: One Tat imvolnes 
charge bands, one involving platma- 
rons, and one IW LVAG the imeraction 
borhan lhe twa, 


Janus Drug Delivery 
Vehicle 


Eiicient drug delivery vehicles need bo be 
preduced in a limwBed tire range and with 
uniform size distribution. The pell-acsembey 

of traditional imall-molecule and polymeric 
aaniphiphiles has led io the production al 
micelles, liperomes, polymeric micelles, and 
Golymertomes Bor use bi drug delivery applica- 
tions. Mow, Percec ef o£ ip. 1009) describe the 
pel-acsembly of Janus-type fie, bro-headed! 
Send ri eers lo Groduce mon perse Sup ame 
lecular constnacts, termed “dendrimersomes,” 
aed other coenples archibecieres. The ruckures, 
which showed long-term stability ax well a5 very 
nano sire divributions, were taal produced 
by the injection of an ethanolic solution al the 
dendrimer into water, The dendrimersomes 
could be loaded with the anticancer drug dam- 
febichn and exhibited comirelled ony releace 
with changing pH, 
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Network for Recovery 

Along-Hunding theory suggests that social drvenity leach to economic dewslopment. By combining the 
United Kingdon 's telephose cosnmunicaiion reconds (both landline and mobile) with information on 
rogional economic conditions, Eaghe ef af, fp. 1029) demonstrate that eebwork diversity alone accounts 
fot over three-quarter of he ware of a region's etenomic dates Anhough the dita canal be uted 
fo show caucality, the association suggests that excmoenk developmen and recovery may depend not 
solely om monciany stimulus but alo on the devtlogenent of a nation’s social infrasinactune. 


| afk ly Complex SAGA 
> The SAGA (Spt-Ada-Gon5-Acetyiransterase) complex, which 
is conserved in eukaryotes, plays a key role in neqealating 
gene expression, It is compriced of 21 peateins, and its 
fumchions inclade histone acetylation and deubiquitina- 
tion, Samara et af. (p, 1025, publithed online 15 April} 
mow report the structure of the SAGA deb iquatina- 
ing module (OUEm), a four-protein subsomples, 
- beth on its own and bound to ubiquitin aldehyde. 
ai The domains are interconnected and stabilined by eight rine 
@ioms, The organization gives insight into why OL8m complies formation is mequired 
fo activate the catabylic demain of the enzyme aed seggests how DUBe might bind to monoubi- 
quitinated histones. 


Penetrating Attack on Tumors 


While considerable research effort in ontology is focuted on the design of new cancer dnegs, an 
bniportae’ but relatively understudied research area bs the development of methods that optimize the 
delivery and tumor penetration of isting cancer drugs. Previous work hat characterized a pepliche 
(RGD) that selectively Langets and penetrates tumed tissue by virtue of ite opecific inseraction with tu- 
enor blood wessels, Wow, studying mouse models, Sugahara ef an, ip. 101, see the cover) show that 
coinjection of the iRGD peptide increases the tumor peneiration and antitumor actnity of several 
cancer drugs, including the cvlotocic agent dewonublein and the therapeutic antiiody tractunamab 
(Herceptin), verhout increasing their harmbul effects on healthy tisiar. Importantly, thepe effects did 
Rol require chemical conjugation of the cancer dregs to the peptide. 


Cytosol, Salmonella, and pH 


Selmoneiia and other bacterial pathogens grow inside animal host cells within intracellular 
vetoes. The bathe secrete elector protein across the vacuole membrane, albering the hovt-cell 
physiology to the pathogen’s advantage. The secrelion process invelves a specialined secretory 
apparatus, the type lil secretion sysbem, whowe aeenmbly is triggered by ihe bow pH within the host- 
cell vacuole. Now, Yu ef al (p. 1040, published online 15 Apri: see the Perspective by Collier) have 
identified meuteal pH a5 a physiological signal for efector translocation by intracellulae Selmonetia, 
The procets involwrs (he disassembly of a membrane-bound nequlatory complex that is alto found 
bs other ankwnal pathespern. Thus, Salmoneiia exploits the low pel of the vacuole ag a ahgnal bo induce 
assembly of the secretion sysiem, and then ihe neutral pH of the cytoplasm io trigger 

effector translocation. 


Budding Yeast Kinome Revealed 


u 


# Covalent modification of proteins by phosphorylation is a primary means by which cells control the 
# biochemical acthities and fumclions of proteins. To better understand the full spectnam of cellular 
3 control mechanisens mediated by phosphorylation, Breitkreutz ef af, ip. 1043: see the Perspec- 
3 tive by Levy ef af) weed mass spectrometry to identity proeing that interacted with the complete 
set of protein kinases from bedding yeast and with other molecules, including phouphatases, which 
2 Eillueece phosphorylation reactions. The revulls cveal a neteork of interacting protels kinases and 
E phosphatases, and anahyss of olher inferacting proteins suggests previously undiscovered moles Bor 
| many al these encymnes, 
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Banning Nuclear Tests 


THROUGHOUT MAY 2010, A REVIEW OF THE TREATY ON THE NON-PROLIFERATION OF NUCLEAR 
Weapons (NPT) is taking place at the United Nations, where its nearly 200 parties are con- 
sidering the treaty’s “state of health” and ways to eliminate nuclear weapons. This follows 
intense activity last month, in which the United States took important steps toward this goal. 
So it’s crucial that the next important step not be missed: fully implementing the Compre- 
hensive Nuclear-Test-Ban Treaty (CTBT). This requires U.S. ratification. 

In his Prague speech a year ago, President Obama affirmed the U.S. commitment to a 
world free of nuclear weapons. Last month, he outlined a path for achieving this goal in the 
Nuclear Posture Review, sending a strong message that the role of nuclear weapons in the 
country’s defense strategy would be reduced. This was bolstered by signature of the U.S.- 
Russian New Strategic Arms Reduction Treaty, in which both countries agree to lower lim- 
its on the numbers of nuclear warheads and delivery systems. And 
at the April Nuclear Security Summit, the United States stressed the 
need to address nuclear terrorism around the globe. There is now new 
momentum toward global nuclear disarmament, driven by an admin- 
istration that takes it seriously. 

Yet the ban on nuclear tests—the next such step toward this 
goal—has still not been ratified by the United States. Originally pro- 
posed a half-century ago, the CTBT was eventually opened for sig- 
nature in 1996, building on decades of scientific, technical, and dip- 
lomatic efforts. As of 2009, 151 nations, including all U.S. NATO 
allies and Australia, Japan, and South Korea, have ratified the treaty. 
Unfortunately, the U.S. Senate declined to approve it when it was 
hastily brought up for a vote in 1999. The main concerns were the 
treaty’s value for arms control and nonproliferation, confidence in 
U.S. nuclear weapons in the absence of testing, and effective verifi- 
cation of the ban. 

The Senate has good reasons to change its mind now, especially given developments since 
1999. Under the CTBT, nuclear-armed states cannot advance their nuclear weapon technolo- 
gies, and states seeking nuclear weapons cannot progress beyond primitive untested devices. 
The ban’s function as a qualitative constraint is viewed by NPT parties as essential for the 
continued viability of the nonproliferation regime. The Stockpile Stewardship Program has 
ensured that U.S. nuclear weapons have been maintained in good condition over the 18 years 
since the U.S. testing moratorium began. But moratoriums (other nuclear-armed states have 
also declared them) are weak reeds, lacking the stability of a legally binding agreement. 
New independent assessments show that confidence in the reliability of the stockpile will be 
maintained so long as adequate funding and scientific talent are devoted to the task. As for 
verification, the United States monitors for nuclear tests with seismometers, satellites, and 
other technologies. Such means are better now than in 1999. The Vienna-based commission 
preparing for CTBT implementation is provisionally operating an international monitoring 
system of seismic, radionuclide, hydroacoustic, and infrasound sensors. International stud- 
ies released in 2009 show that this system performs better than expected and that the ability 
to conduct on-site inspections is within reach. With today’s verification capabilities, there is 
areal probability of detecting a cheating attempt at any yield. 

It would be seriously destabilizing if any nuclear-armed state were to resume testing, a 
risk that entry into force of the CTBT, and thus its full implementation, would mitigate. The 
treaty cannot enter into force without the United States, and many of the nations who must 
approve it by terms of the agreement, but who have not yet ratified it—China, Egypt, India, 
Indonesia, Iran, Israel, North Korea, and Pakistan—are unlikely to act before the United 
States does. U.S. leadership on the CTBT is essential, and it needs to be exercised now to 
achieve a lasting end to nuclear tests. — Pierce S. Corden 
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GENOMICS 


Varmus returns 
to NIH 


Synthetic Genome Brings New 


Life to Bacterium 


For 15 years, J. Craig Venter has chased a 
dream: to build a genome from scratch and 
use it to make synthetic life. Now, he and his 
team at the J. Craig Venter Institute (JCVI) in 
Rockville, Maryland, and San Diego, Califor- 
nia, say they have realized that dream. In this 
week’s Science Express (www.sciencemag. 
org/cgi/content/abstract/science.1190719), 
they describe the stepwise creation of a bac- 
terial chromosome and the successful trans- 
fer of it into a bacterium, where 
it replaced the native DNA. Pow- 
ered by the synthetic genome, that 
microbial cell began replicating 
and making a new set of proteins. 

This is “a defining moment in 
the history of biology and biotech- 
nology,” says Mark Bedau, a phi- 
losopher at Reed College in Port- 
land, Oregon, and editor of the sci- 
entific journal Artificial Life. “Tt 
represents an important technical 
milestone in the new field of syn- 
thetic genomics,” says yeast biolo- 
gist Jef Boeke of Johns Hopkins 
University School of Medicine in 
Baltimore, Maryland. 

The synthetic genome created 
by Venter’s team is almost identi- 
cal to that of a natural bacterium. 
It was achieved at great expense, an estimated 
$40 million, and effort, 20 people working for 
more than a decade. Despite this success, cre- 
ating heavily customized genomes, such as 
ones that make fuels or pharmaceuticals, and 
getting them to “boot” up the same way ina 
cell is not yet a reality. “There are great chal- 
lenges ahead before genetic engineers can 
mix, match, and fully design an organism’s 
genome from scratch,” notes Paul Keim, a 
molecular geneticist at Northern Arizona 
University in Flagstaff. 

The “synthetic” bacteria unveiled this 
week have their origins in a project headed by 
Venter and JCVI colleagues Clyde Hutchison 
I and Hamilton Smith to determine the mini- 
mal instructions needed for microbial life and 
from there add genes that could turn a bac- 


terium into a factory producing compounds 
useful for humankind. In 1995, a team led by 
the trio sequenced the 600,000-base chromo- 
some of a bacterium called Mycoplasma gen- 
italium, the smallest genome of a free-living 
organism. The microbe has about 500 genes, 
and researchers found they could delete 100 
individual genes without ill effect (Science, 
14 February 2003, p. 1006). 

But confirming the minimal genome 


Life re-created. Blue 
colonies (top) indicate 
a successfully trans- 
planted genome, with 
self-replicating bacteria 
revealed in an electron 
micrograph. 


suggested by those experiments required 
synthesizing a full bacterial chromosome 
and getting it to work in a recipient cell, 
two steps that have taken years because the 
technology to make and manipulate whole 
chromosomes did not exist. In 2007, Venter, 
Smith, Hutchison, and colleagues finally 
demonstrated that they could transplant 
natural chromosomes from one microbial 
species to another (Science, 3 August 2007, 
p. 632). By 2008, they showed that they 
could make an artificial chromosome that 
matched M. genitalium’s but also contained 
“watermark” DNA sequences that would 
enable them to tell the synthetic genome 
from the natural one (Science, 29 February 
2008, p. 1215). 

But combining those steps became 


Tracking 


the impacts 
of the oil spill 


bogged down, in part because M. genitalium 
grows so slowly that one experiment can 
take weeks to complete. The team decided 
to change microbes in midstream, sequenc- 
ing the 1-million-base genome of the faster- 
growing M. mycoides and beginning to 
build a synthetic copy of its chromosome. 
Last year, they showed they could extract 
the M. mycoides natural chromosome, place 
it into yeast, modify the bacterial genome, 
and then transfer it to M. capricolum, a 
close microbial relative (Science, 21 August 
2009, p. 928; 25 September 2009, p. 1693). 
The next step was to show that the synthetic 
copy of the bacterial DNA could be handled 
the same way. 

The researchers started building their 

synthetic chromosome by going 
DNA shopping. They bought 
from a company more than 1000 
1080-base sequences that covered 
the whole M. mycoides genome; 
to facilitate their assembly in the 
correct order, the ends of each 
sequence had 80 bases that over- 
lapped with its neighbors. So that 
the assembled genome would be 
recognizable as synthetic, four 
of the ordered DNA sequences 
contained strings of bases that, in code, spell 
out an e-mail address, the names of many of 
the people involved in the project, and a few 
famous quotations. 

Using yeast to assemble the synthetic 
DNA in stages, the researchers first stitched 
together 10,000-base sequences, then 
100,000-base sequences, and finally the com- 
plete genome. However, when they initially 
put the synthetic genome into M. capricolum, 
nothing happened. Like computer program- 
mers debugging faulty software, they system- 
atically transplanted combinations of syn- 
thetic and natural DNA, finally homing in ona 
single-base mistake in the synthetic genome. 
The error delayed the project 3 months. 

After months of unsuccessfully trans- 
planting these various genome combinations, 
the team’s fortune changed about a month ago 
when the biologists found a blue colony of 
bacteria had rapidly grown on a lab plate over 
the weekend. (Blue showed the cells were 
using the new genome). Project leader 
Daniel Gibson sent Venter a text message 
declaring success. “I took my video camera 
in and filmed [the plate],” says Venter. 
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They sequenced the DNA in this colony, 
confirming that the bacteria had the synthetic 
genome, and checked that the microbes were 
indeed making proteins characteristic of 
M. mycoides rather than M capricolum. The 
colony grew like a typical M. mycoides as 
well. “We clearly transformed one cell into 
another,” says Venter. 

“That’s a pretty amazing accomplish- 
ment,” says Anthony Forster, a molecular 
biologist at Vanderbilt University in Nash- 
ville, Tennessee. Still, he and others empha- 
size that this work didn’t create a truly syn- 
thetic life form, because the genome was put 
into an existing cell. 

At the moment, the techniques employed 
by Venter’s team are too difficult to appeal to 
any potential bioterrorists, researchers stress. 


UNITED KINGDOM 


Biomedicine’s 
big spenders 


Nonetheless, “this experiment will certainly 
reconfigure the ethical imagination,” says 
Paul Rabinow, an anthropologist at the Uni- 
versity of California, Berkeley, who studies 
synthetic biology. “Over the long term, the 
approach will be used to synthesize increas- 
ingly novel designed genomes,” says Kenneth 
Oye, a social scientist at the Massachusetts 
Institute of Technology in Cambridge. “Right 
now, we are shooting in the dark as to what 
the long-term benefits and long-term risks 
will be.” 

As ever more “artificial” life comes into 
reach, regulatory agencies will need to estab- 
lish the proper regulations in a timely fashion, 
adds Oye. “The possibility of misuse unfortu- 
nately exists,” says Eckard Wimmer of Stony 
Brook University in New York state, who led 


Evolution 
of language 


a team that in 2002 created the first synthetic 
virus (Science, 9 August 2002, p. 1016). 

Venter says that JCVI has applied for 
several patents covering the work, assign- 
ing them to his company, Synthetic Genom- 
ics, which provided much of the funding for 
the project. A technology watchdog group, 
ETC Group in Ottawa, has argued that these 
actions could result in a monopoly on synthe- 
sized life (Science, 15 June 2007, p. 1557), 
but others are not worried. Given the current 
climate for granting and upholding patents of 
this type, says Oye, “it is unlikely that Syn- 
thetic Genomics will become the Microsoft 
of synthetic biology.” 

“One thing is sure,” Boeke says. “Inter- 
esting creatures will be bubbling out of the 
Venter Institute’s labs.” -ELIZABETH PENNISI 


Will Britain's Coalition Wield the Funding Ax? 


The arrival last week of Britain’s new coali- 
tion government, an unlikely union between 
the Conservative and Liberal Democrat par- 
ties, has brought mixed emotions for U.K. 
researchers. There has been a generally 
positive response to the choice of govern- 
ment ministers responsible for science. But 
after 13 years of a Labour administration 
that greatly improved the lot of scientists 
(Science, 18 May 2007, p. 965), and with 
the government deficit at record levels, there 
is grave concern that research funding will 
be hit. “The most important issue is to what 
extent cuts will fall on research and the best 
universities,” says astronomer Martin Rees, 
president of the Royal Society in London. 
As the Conservative—Liberal Demo- 
crat alliance took shape, researchers were 
pleasantly surprised to find David Willetts 
as the minister for universities and science. 
Although his background is in the humani- 
ties, Willetts was a Conservative spokes- 
person for education and science during 
the last Parliament. In a briefing earlier 
this week, Willetts said: “I understand the 
crucial importance of blue-skies research. 
Scientific research can’t all be reduced to 
utilitarian calculations”—a very different 
message from that of earlier Conservative 
administrations. Robert Kirby-Harris, chief 
executive of the Institute of Physics, says he 
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had “very positive discus- 
sions” with Willetts during 
Labour’s reign. “We were 
impressed by him.” 

Willetts’s boss at the 
Department for Business, 
Innovation and Skills, 
which oversees most sci- 
ence funding, is Liberal 
Democrat Vince Cable, 
who studied natural sci- 
ences and economics at the 
University of Cambridge. 
“They make a really strong 
pair of advocates” for sci- 
ence, says Hilary Leevers, 
acting director of the Cam- 
paing for Science and Engi- 
neering. Cable is a member 
of the cabinet and Willetts 
will attend cabinet meetings, although he is 
not a member. 

The most pressing concern for research- 
ers is how their funding will fare, as the new 
coalition has made reducing the govern- 
ment deficit its top priority. The coalition 
has committed to cutting £6 billion from 
government spending this year, the broad 
details of which are due to be announced 
next week. But the specific impact on 
research spending is more likely to emerge 
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24 
Science's defender. David Willetts 
will have to fight off cuts. 


from the government’s 
“emergency budget,” due 
on 22 June, or a spending 
review this autumn that 
will outline funding for the 
next few years. The seven 
U.K. research councils, 
which distribute grants and 
manage research facilities, 
have been asked to come 
up with spending plans for 
a variety of funding sce- 
narios, such as flat funding, 
a 10% cut, a 20% cut, and 
so on. “A 0% cut we could 
live with; 20% would be a 
total disaster,” says U.K. 
physicist Ian Halliday, 
president of the European 
Science Foundation. 

U.K. researchers point out that in 
response to the recession, some countries 
increased science spending as a way of 
boosting their economies. “Success breeds 
success,” says Rees. “The U.K. is strong 
in science, and it would be sad if any- 
thing happens to jeopardize that.” Willetts 
acknowledges that there are difficult times 
ahead. “It’s going to be tough. ... The boom 
has now come to an end.” 

—-DANIEL CLERY 
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ScienceNOW 


From Science's 
Online Daily News Site 


Golden Years Truly Are Golden 

It doesn’t matter whether you're employed, 
whether your children still live at home, 

or even whether you're married. Life gets 
better after age 50. A new phone survey of 
hundreds of thousands of Americans con- 
firms that people tend to be happier, less 
anxious, and less worried once they pass the 
half-century mark. http://bit.ly/goldenyears 


The Scent That Makes Mice Run Scared 
Even if a mouse has never seen a cat 
before, he'll turn tail when one is nearby. 
Researchers suspected that the rodents 
somehow sniff out their would-be assassins, 
but exactly what they smelled was unclear. 
Now scientists have isolated the compound, 
one of a class of urinary proteins that are 
secreted by cats, snakes, and a variety of 
other predators. http://bit.ly/scaredmice 


Vision Cells Help Set the Body’s Clock 
If you like to surf the Web at night, beware: 
You may be affecting your body's internal 
clock. Humans, like 

other animals, rely on 

light cues to set their 

body’s daily cycle of 

activity, or circadian 

rhythm. Now a new 

study shows that 

some wavelengths of 

light, such as those 

from computer screens, have an unexpect- 
edly strong influence on these rhythms, 
keeping us awake, for example, when we 
should be sleeping. http://bit.ly/bodyclock 


A Crack in the Mirror Neuron 
Hypothesis of Autism 

Brain cells thought to underlie our ability 
to understand one another work just fine 
in people with autism spectrum disorders 
(ASD), according to the authors of a con- 
troversial new study. Other researchers had 
proposed that these cells, called mirror 
neurons, malfunction in people with ASD, 
disrupting their ability to understand what 
someone else is experiencing. If the results 
hold up, researchers will need another way 
to explain the social deficits that character- 
ize the disorder. http://bit.ly/mirrorneuron 


Read the full postings, comments, and more 
at news.sciencemag.org/sciencenow. 


BIOMEDICAL RESEARCH 


Former NIH Director Varmus 
To Head Cancer Institute 


Harold Varmus will be returning to Washing- 
ton, D.C., to run the world’s biggest cancer 
research program. President Barack Obama 
announced on 17 May that he plans to 
appoint the Nobel Prize—winning molecular 
biologist director of the $5.1 billion National 
Cancer Institute. Varmus, now president of 
Memorial Sloan-Kettering Cancer Center 
(MSKCC) in New York City, will replace 
current NCI Director John Niederhuber, a 
Bush appointee, who expects to remain at 
NCI as an intramural researcher. 

The choice is not a surprise: Varmus’s 
appointment has been rumored for weeks, 
although in early March he told Science that 
the idea was “far-fetched.” (He had announced 
in January that he would soon step down as 
MSKCC president.) But it is a surprise that 
Varmus, age 70, who directed the entire 
National Institutes of Health (NIH) from 1993 
to 1999, would return to head the largest of 
its 27 institutes. Varmus, who was part of an 
informal search committee for NCI director 
that was having trouble finding an interested. 
candidate, said the idea seemed “crazy” when 
a close friend suggested it, but he changed his 
mind: “Running the world’s largest research 


U.S. SCIENCE POLICY 


House Blocks Bill 
To Boost Research 
Spending 


Too much sex. Not enough money. That 
potent combination led the U.S. House of 
Representatives last week to reject legisla- 
tion aimed at boosting research and educa- 
tion spending at three federal agencies. 

The 292-to-126 vote against the America 
COMPETES Act was fueled by concerns 
about the trillion-dollar federal deficit, a 
sentiment that could threaten the Adminis- 
tration’s plans to double the research bud- 
gets of the three agencies over 10 years. 
But the lopsided defeat was also the result 
of a stealth attack by Republicans against 
a Democratic priority, using as a tool the 
National Science Foundation’s handling of 
employees who trafficked in electronic por- 
nography at work. 


program in cancer at a time when cancer 
research has never been more interesting 
seemed like a pretty good thing to do in the 
next several years.” 

The most urgent task Varmus will face at 
NCI, however, will be to set priorities in an era 
of flat budgets. For example, some research- 
ers have questioned the value of “big biology” 
projects such as The Cancer Genome Atlas, a 
tumor mutation sequencing project that has 
cost $375 million so far. Varmus will also find 
on his desk an Institute of Medicine report 
calling for an overhaul of NCI’s inefficient 
and underfunded cooperative groups, which 
have conducted many key cancer clinical tri- 
als. Varmus says he expects to review NCI’s 
“entire portfolio.” 

NIH Director Francis Collins, who once 
worked under Varmus as head of the genome 
institute, praised the appointment. Collins said 
in a statement: “It is exhilarating and gratify- 
ing to have my good friend and colleague back 
at NIH. ... Harold brings unmatched expertise 
at all levels.” 

Cancer researchers seemed thrilled. 
Varmus is “more qualified for this position 
than anyone else in the universe,” says can- 


Can't COMPETE. Gordon (left) and Bement lament 
delay to House bill. 


Reauthorization of the 2007 COMPETES 
Act is a top goal for the year of retiring Rep- 
resentative Bart Gordon (D—TN), chair of the 
House Science and Technology Committee. 
The version that Gordon brought to the floor 
last week would have kept NSF, science pro- 
grams at the Department of Energy (DOE), 
and the National Institute of Standards and 
Technology on a path for a 10-year budget 
doubling. It also added several new programs 
to foster innovation and bolstered the fledg- 


= 
=) 
ga 
> 
Q 
< 
F<) 
i=) 
ra) 
o 
Q 
w 
Qo 
72) 
fo} 
ist) 
5 
fe) 
Ss 
ar) 
my 
& 
QoQ 
re) 
ad 
a 
> 
gq 
fo} 
i=) 
is) 
7 


21 MAY 2010 VOL328 SCIENCE www.sciencemag.org 


Published by AAAS 


REDITS (LEFT TO RIGHT): THINKSTOCK; U.S. CONGRESS; NIST 


Cc 


om www.sciencemag.org on May 20, 2010 


Downloaded f 


1) 
1S) 
Zz 
wu 


= 


ESY 


& 


EDIT: COU 


ao 
1S) 


Prodigal’s return. Harold Vacmus willibring a 
lab from Memorial Sloan-Kettering: 


cer geneticist Bert Vogelstein of Johns Hop- 
kins University in Baltimore, Maryland. “It’s 
a spectacular coup on the part of the govern- 
ment,” said cancer biologist Robert Weinberg 
of the Massachusetts Institute of Technology 
in Cambridge. Edward Benz, director of the 
Dana-Farber Cancer Institute in Boston, says 
Varmus’s “impeccable credentials” as a basic 
scientist, his time at NIH, and his decade of 
directing a cancer center give him “the ideal 
combination of experience.” 

Varmus shared the 1989 Nobel Prize in 
physiology or medicine with Michael Bishop 
for using a retrovirus to understand cancer- 
causing genes. During a tenure at NIH that 
included the start of a 5-year budget doubling, 
he cultivated the image of a rumpled academic 
who biked to work. At Sloan-Kettering, he 


Energy at DOE. Gordon had already pared 
almost $10 billion from an earlier version of 
the bill to accommodate Republican oppo- 
nents, and he won bipartisan support within 
the committee for a 5-year, $82 billion bill. 

But Gordon was caught by surprise when 
ranking member Representative Ralph Hall 
(R-TX) instead proposed a 3-year freeze on 
spending at those agencies. Hall’s amend- 
ment included language prohibiting pay- 
ment of salaries to anyone who has been 
disciplined “for viewing, downloading, or 
exchanging pornography” on a government 
computer or at work. Although the amend- 
ment doesn’t mention NSF, freshman Repre- 
sentative Lynn Jenkins (R-KS) cited a 2007 
investigation by the NSF inspector general of 
employees who had engaged in such activ- 
ity, flagging it as one of many agencies where 
the misuse of computers had occurred. Some 
121 Democrats voted for the amendment to 
avoid being tagged as a friend of pornogra- 
phy before Gordon pulled the bill. 

Roughly a dozen people were found to 
have committed “serious infractions” involv- 


oversaw an expansion of translational research 
programs and made key recruits. After 
endorsing Obama as a candidate in 2008 and 
advising the campaign, Varmus was named 
co-chair of the President’s Council of Advi- 
sors on Science and Technology in 2009. 
Despite the praise for Varmus, some 
insiders are worried that his appointment 
signals an effort to curb the independence of 
NCI. Under the 1971 Cancer Act, the NCI 
director reports directly to the president and 
submits a draft budget directly to the White 
House. The bypass budget, as it’s known, is 
mainly symbolic but still cherished by insid- 
ers. Varmus says he has no plans to push for 
congressional action to change NCI’s spe- 
cial status. But “the reality is that NCI is part 
of NIH, and I plan to be part of the NIH.” 
A working group of advisers is currently 
examining NCI’s special status, possibly to 
defend it. “Many people in the cancer com- 
munity are concerned,” says medical oncol- 
ogist Richard Schilsky of the University of 
Chicago Medical Center in Illinois, who 
chairs NCI’s Board of Scientific Advisors. 
Varmus’s return to government will mean 
a sharp pay cut for him from the $2.7 million 
he was reportedly earning at Sloan-Kettering 
to an NIH salary that usually tops out at about 
$300,000. The appointment does not require 
Senate confirmation. Varmus, who is bring- 
ing a small lab with him, expects to start at 
NCI on 12 July. —-JOCELYN KAISER 


ing pornographic material on their comput- 
ers, says NSF Director Arden Bement, who 
estimates that “three or four” remain at the 
agency. “We nipped this in the bud,” says 
Bement, citing “aggressive steps” by the 
agency to clarify its policies and impose 
tighter filters. “But the law is kinda murky 
in this area,” he adds. Some of the cases 
“involved addiction, in which the people 
received counseling,” he notes, and several 
went to arbitration. He called pornography 
“a pernicious problem at many agencies” that 
requires “clear guidance from Congress.” 

At presstime, Gordon was hoping to get a 
second shot this week at passing the bill. But 
given the pressure to curb spending, the US. 
research community will need to work hard 
to persuade Congress that an increased invest- 
ment is essential for the country’s economic 
prosperity. And as an authorization bill, COM- 
PETES at most offers guidelines for spend- 
ing panels. “I hope that it’s not an omen for 
what may happen with appropriations,” says 
Samuel Rankin of the Coalition for National 
Science Funding. -JEFFREY MERVIS 


NEWS OF THE WEEK l= 


Sciencelnsider 


From the Science 
Policy Blog 


A pretrial hearing before a federal judge in 
Tennessee was the most formal legal test 
yet for the use of lie-detection technology 
based on functional magnetic resonance 
imaging (fMRI) of brain activity. The hearing 
revealed new details about methods used 

in commercial fMRI lie-detection services; 

a ruling on whether to allow such evidence 
will establish an important precedent. 

The defendant in the case, accused of 
defrauding Medicare and Medicaid, hired a 
Massachusetts-based company that provides 
brain-scan lie-detection services to help 
establish that he is telling the truth. 
http://bit.ly/9H2azM 


Biologist Dylan Evans was sanctioned for 
sexual harassment by the president of Uni- 
versity College Cork in Ireland. Evans had 
showed a scientific paper that revealed that 
bats perform fellatio to several colleagues, 
one of whom protested. Evans says he was 
just sharing information, but the college's 
president said his behavior was “unaccept- 
able.” http://bit.ly/damC6R 


The U.S. Supreme Court decided Monday 
that life sentences for most young crimi- 
nals amount to cruel and unusual punish- 
ment. The decision in Graham v. Florida 
extended a 2005 ruling that banned the 
death penalty for juveniles. The American 
Medical Association, American Psychological 
Association, and other professional orga- 
nizations submitted legal briefs that ques- 
tioned whether youths should be held to 
the same standards of culpability as adults 
given research suggesting that their brains 
are still developing. http://bit.ly/dCR8sE 


Senators Joseph Lieberman (ID—CT) and John 
Kerry (D—MA) have introduced the American 
Power Act, which would require the country to 
reduce greenhouse gas emissions by 17% 
below 2005 levels by 2020. The House of 
Representatives passed an equivalent bill last 
year, but the challenge for Senate Majority 
Leader Harry Reid (D—NV) will be gaining the 
60 votes needed to thwart a filibuster in an 
election year. It’s unclear how much political 
clout the White House is prepared to exert to 
pass the legislation. http://bit.ly/bTl297 


See the full postings and more at 
news.sciencemag.org/scienceinsider. 
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NEWS OF THE WEEK 


GULF OIL DISASTER 


Five Questions on the Spill 


Sizing up the weeks-long spill in the Gulf of Mexico and its impacts is proving a challenge for 
marine and coastal scientists. The source is beneath 1600 meters of seawater, the winds and cur- 
rents spreading the oil can be capricious, and the marine life in the oil’s path is spread over hundreds 
of square kilometers, from the sea floor to the surface. Commercial fisheries have already been 
affected, and fragile coastal marshlands are at risk. Just monitoring all these ecosystems is the first 
challenge; gauging the toll taken and sounding the all clear will come later. Here are five of the key 
questions that scientists will be trying to answer over the coming months and years. 

—-RICHARD A. KERR, ELI KINTISCH, LAURA SCHENKMAN, AND ERIK STOKSTAD 


For continuing coverage of the oil spill, see http://news.sciencemag.org/oilspill/ 


What's happening ... to the oil? 


The magnitude of the catastrophe will depend on 
the oil’s fate: the amount of oil released, how the 
oil is transformed chemically and physically, and 
how far and wide it travels. To date, scientists are 
far from answering any of these questions. 

The oft-cited 5000 barrels per day of oil spew- 
ing from the leaking well is almost certainly an 
underestimate. Scientists eyeballing videos of the 
sea-floor gusher or gauging the extent of the sur- 
face slick in satellite images see five or even 10 
times as much oil coming out 3.5 weeks into the 
disaster. Continued analysis will improve those 
estimates, and ongoing efforts to stanch the flow 
may be informative, but as one oceanographer 
puts it, for now, “it is what it is.” 

Researchers have a better handle on how the 
oil is “weathering.” Samples collected from the 
sea surface show that, as expected, the oil is tend- 
ing to lose its more volatile—and more toxic— 
components as it evolves from a simple liquid 
to an emulsified “mousse” to tarballs. Although 
well-aged tarballs are the least damaging form of 
lingering oil, those starting to appear on beaches 
are still so sticky that plants and animals could 
suffer greatly. Detergent-like dispersants applied 
offshore accelerate both physical and biological 
weathering, but chemists have yet to see obvi- 
ous signs that dispersants are helping. Then there 
are biologists’ concerns that dispersants could 
be affecting marine life in the open gulf directly 
through their toxicity or indirectly by causing 
more of the oil to linger far below the surface 
where fish and bottom-dwellers are. 

Researchers could soon get a better idea of 
what’s happening to the oil and dispersants as well 
as where it’s all going as field sampling gets in 
gear. Reports of large subsurface plumes of oil— 
perhaps enhanced by dispersants—are beginning 
to come in as sampling from boats and ships is 
extended to the subsurface. And two different 
autonomous underwater vehicles are scheduled to 
start mapping subsurface oil using optical sensors; 
one of them can return water samples for detailed 


analysis. The as-yet-loosely-coordinated effort to 
characterize the evolving spill is being conducted 
by the National Oceanic and Atmospheric Admin- 
istration (NOAA) and the U.S. Geological Survey, 
while the National Science Foundation is support- 
ing fieldwork through rapid-response grants. 
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... to life on the sea floor? 


Two types of communities exist on the deep sea floor of the gulf. 
Where hydrocarbons seep out of the sediment, clams and mussels 
live with symbiotic bacteria that tap sulfide or methane for energy. 
In the same areas, polychaete tubeworms grow up to several meters 
long and can live for centuries. Elsewhere, corals capture prey that 
floats by or detritus that sinks from above. 

Expeditions have sampled sea-floor biota in the Gulf of Mexico 
for years with submersibles and ship-borne devices. In mid-May, a 
research vessel operated by the National Institute for Undersea Sci- 
ence and Technology (NIUST), a university consortium, began taking 
sediment and water samples from areas under and near the oil spill. 
Another group already had a passive sediment-sampling device in 
place nearby. When they retrieve the device, by October at the latest, 
they will know how much oil has 
settled onto the sea floor, either 
directly or entrained in seaweed. 

Most sea-floor studies to date 
have been funded by NOAA and 
the Minerals Management Ser- 
vice. NOAA is supporting the 
NIUST mission, which detected 
oil below the surface. The crew 
returned to port late last week 
and will begin analyzing sam- 
ples. Meanwhile, they are begin- 
ning to plan another trip for 
follow-up sampling. 


... to coastal ecosystems? 


is a 4 Coastal wetlands in the Gulf of 
Oe AS my Mexico have been under siege 
=~ Se ca *, for decades. Chronic exposure 
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to large amounts of oil could 
worsen their plight, killing marsh 
grasses and the creatures that live 
in the coastal sediment. 

Three weeks ago, academic 
researchers took sod samples from 
an established field site just east of 
the Mississippi River. Now they 
plan to collect oiled sods from the 
same site and, in a greenhouse lab, 
compare processes such as plant 
growth, photosynthesis, and soil 
respiration. In June or early July, 
the same team plans to survey sedimentation rates at 18 sites along the 
wetlands west of the Mississippi, an area likely to be hit by oil. A third 
study would assess the effects of fresh and weathered oil on different 
species of marsh plants; scientists say oil that has seeped into the soil 
and comes in contact with roots could have greater long-term impacts 
on vegetation than oil slicked on the surface. 

In the shallow waters of Louisiana’s Breton Sound, where oil 
9 has already intruded, effects on marine life may already be visi- 
2 ble. A team will collect live mollusks for tissue analysis, examine 
© their shells for changes in growth rates, and look for deformities in 
= the husks of foraminifera, an amoebalike bottom-dweller, and for 
5 large numbers of hibernating dinoflagellates in the soil. 
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... to marine life? 


Just after the spill, researchers 
at the state-funded Dauphin 
Island Sea Lab off the Ala- 
bama coast stepped up their 
existing research to trawl for 
plankton along a 56-kilometer 
stretch south of the island; they 
will repeat the survey every 
2 weeks. Another ongoing 
study based on rigs near the spill uses underwater, company-owned 
robots to monitor the squid, crustaceans, and fish that dwell 200 to 
2400 meters below the surface. Besides tallying deaths, academic sci- 
entists will look for changes in the animals’ daily feeding movements. 

Anambitious new study is about to start thanks to a rapid-response 
grant from the National Science Foundation. Working from two or 
three university research vessels, scientists from several institutions 
will trace oil over the next 3 to 6 months as it moves through the food 
chain from single-celled algae to large fish such as tuna. 

NOAA is monitoring the spill’s effects on the more than 20 spe- 
cies of marine mammals, notably bottlenose dolphins and endangered 
sperm whales, and five species of endangered sea turtles that call the 
gulfhome. Besides checking for oil in and on the bodies of six dolphins 
and more than 100 sea turtles collected so far, the agency is conduct- 
ing aerial surveys to count the gulf’s dolphins and whales, and taking 
biopsies of one bottle-nosed dolphin population to determine baseline 
levels of the animals’ exposure to oil and other contaminants. Scientists 
will also monitor mammals acoustically with an underwater device. 


... to fisheries? 


On 18 May, NOAA shut down fisheries in a 118,000-square-kilometer 
area in the gulf. The move has threatened the lucrative shellfish 
industry. But the government says it is crucial to protect people from 
dangers of eating shellfish contaminated with polycyclic aromatic 
hydrocarbons, elements of oil that are carcinogenic. 

Scientists are scouring the area for tainted catch—-so far, with the 
oil still offshore, none has been found—a tricky task in itself. Current 
analytical methods take days. So scientists at AOAC International, a 
nonprofit analytical chemistry group in Gaithersburg, Maryland, are 
working with testing companies to try to develop faster methods for 
preparing and analyzing samples with mass spectroscopy. 

A far more difficult task will be 
determining when it is safe to reopen 
the fisheries. After previous spills, 
NOAA has reopened fisheries when 
normal background levels of oil were 
detected in fish or shellfish samples. 
But given the size of the fishery 
affected and its critical importance to 
local livelihoods, such a strict stan- 
dard may be unrealistic. Former Food 
and Drug Administration regulator 
David Acheson says the agency may 
have to develop new standards to cer- 
tify fish that contains tiny amounts of 
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Battle of the Titans 


For the Howard Hughes Medical Institute and the Wellcome Trust, 
a rough decade on the stock market makes for straitened times 


LOUDON COUNTY, VIRGINIA, AND SOMERS 
Town, London, sit at opposite ends of the 
social spectrum. Loudon County is, in terms 
of median household income, the wealthi- 
est of the 3141 counties in the United States. 
Somers Town is one of the poorest quarters 
of inner London, a working-class commu- 
nity hemmed in between the railway lines 
feeding into Kings Cross station. 

It is in Loudon County that the Howard 
Hughes Medical Institute has opened one 
of the largest freestanding biology labora- 
tories in the United States, at Janelia Farm, 
which will eventually house about 500 
people. In Somers Town, meanwhile, the 
Wellcome Trust is planning to help build 
the UK Centre for Medical Research and 
Innovation (UKCMRI), where 1500 scien- 
tists and support staff members will work 
cheek by jowl with London’s people, hos- 
pitals, and universities. 

The different choice of neighborhood 
reflects the respective personas of the two 
largest biomedical research philanthropies 
in the world. Hughes is often seen as aloof 
and apart, and almost entirely dedicated to 
excellence in basic science. It keeps a safe 
distance from contentious public health and 
policy issues. 

Wellcome, in contrast, gets stuck right 
into almost every aspect of health research 
and policy. It supports the study of the his- 
tory and sociology of medicine, gives grants 
to TV producers, seeks to influence pol- 
icy, and collaborates deeply with the U.K. 


Medical Research Council (MRC) and 
other public bodies. Yet last November, 
Mark Walport, chief executive of the Well- 
come Trust, signaled an important conver- 
gence in approach with that of Hughes. 
Wellcome, he said, would end its main 
grants for biology projects and programs 
in the United Kingdom—worth about 
£110 million annually—and instead support 
selected investigators for up to 7 years. 

The switch both excites and alarms Brit- 
ish universities, where almost 3000 research- 
ers currently receive Wellcome grants. “This 
is a massive change for us,” says Jonathan 
Weber, head of medical research at Imperial 
College London. “We relish the opening for 
our senior investigators. But we’re anxious 
about the younger ones, since we lose the 
project grants that were the first step on the 
ladder for them.” 

Hughes’s new president, University of 
California, Berkeley, molecular biologist 
Robert Tjian, meanwhile, is trying to coax 
a $500 million investment in Janelia Farm to 
bear fruit. The laboratory is a major depar- 
ture for an organization that had always 
backed researchers inside existing universi- 
ties or medical schools. The first 33 investi- 
gators are now bedding in at Janelia Farm, 
testing the bold prediction of its director, 
geneticist Gerald Rubin, that it can replicate 
the special environments of Bell Labs or 
the University of Cambridge Laboratory of 
Molecular Biology (LMB) in their heyday. 
Detractors see it as a gamble, however. 


Financial pressures have curtailed the 
rapid expansion of both Hughes and Well- 
come. Huge dips in asset values in 2001 
and again in 2008 left both sitting on little 
more cash at the end of the decade than at 
its start (see p. 966). 

At the same time, the two titans appear 
to be converging on a model in which 
excellent support for a small number of top 
university investigators, plus generous sup- 
port for one or two intramural laboratories, 
consumes the bulk of their resources. Paul 
Nurse, the president of Rockefeller Univer- 
sity in New York City and president-elect of 
the Royal Society in London, advises both 
philanthropies and applauds what he sees 
as Wellcome’s shift in this direction. “Sci- 
ence in the U.K. has been held back by not 
having anything like the Hughes investiga- 
tor program,” he says. “Hughes is now gen- 
erating one or two Nobels every year; Well- 
come hasn’t been doing that.” 


Billionaire’s bequest 
The Howard Hughes Medical Institute was 
created by the aviation billionaire back in 
1953, mainly to provide a tax shelter for the 
Hughes Aircraft Co., whose entire stock it 
owned. Its research activities were modest 
until 8 years after Hughes’s death, in 1984, 
when an imaginative Delaware judge, seek- 
ing to end a dispute over the estate, named 
eight prominent people as its trustees. They 
sold the corporation to General Motors the 
following year for a cool $5 billion, which 
became the institute’s initial endowment. 
The structure of Hughes was novel: It 
was constituted as a research organization, 
not a foundation, and rather than offer- 
ing grants or fellowships, it hired princi- 
pal investigators inside the universities and 
medical schools as staff members. Under an 
agreement with the tax authorities, it was 
obliged to spend, on average, at least 3.5% 
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of its worth annually through this mecha- 
nism and an additional $500 million over a 
10-year period on related activities. Hughes 
trustees have chosen to continue these activ- 
ities, such as grants and education, at about 
1% of the endowment. 

Wellcome has no such constraints but 
arrived at a similar spending rate—4.5% of 
the endowment—for a larger annual bud- 
get of £725 million ($1.1 billion) compared 
with $830 million for Hughes. 

Donald Fredrickson, a former director 
of the U.S. National Institutes of Health 
(NIH), was appointed president by the new 
Hughes board and planned its move from 
Florida to a plush new headquarters in Chevy 
Chase, Maryland, near NIH, just north of 
Washington, D.C. But he left in 1987 after 
a scandal. (His wife was alleged to have 
meddled in Hughes management and to have 
created an unauthorized $200,000 account.) 
Fredrickson was succeeded by virologist 
Purnell Choppin, who hired Maxwell Cowan, 
a University of Oxford—educated 
South African neuroscientist, as 
scientific director. 

Choppin, who still has an 
office at Hughes, and Cowan, 
who died in 2002, stopped ask- 
ing universities to appoint 
Hughes investigators, as they 
had done before, and instead 
selected them directly, with the 
help of topflight review panels. 
Cowan in particular set the tone: 
gentle-mannered, elitist, and 
almost ascetic, he believed that 
truly important science was only 
done by a talented few. “Max 
was enormously important and 
in many ways the key person in 
elevating the standard of qual- 
ity at Hughes,” recalls former 
University of Chicago president 
Hanna Gray, the only surviving 
member of the original board of trustees 
and now its chair. 

Hughes’s investigator model is a turbo- 
charged version of the system used to pro- 
mote scientists up the road at NIH, although 
Hughes has avoided entanglements with 
that agency. “NIH and Hughes were both 
doing their own thing,” says Choppin, “and 
it seemed logical to keep it that way.” With 
the arrival in 2000 of geneticist Thomas 
Cech as president, and Rubin as biomedi- 
cal research vice president, Hughes gave 
even more autonomy to its investigators and 
broadened out into areas such as chemistry 
and computer science. “It became less for- 
mal and gave us more leeway,” recalls Bert 
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Vogelstein, a cancer geneticist and Hughes 
investigator at Johns Hopkins University in 
Baltimore, Maryland. 

Hughes has sometimes been criticized as 
too cautious—simply backing the very best 
people, who would win NIH grants anyway. 
“They just sit there and skim the cream,” as 
one senior NIH official, who didn’t want to 
be identified, puts it. But for those who are 
selected, there are immense advantages: reli- 
able core funding and unprecedented free- 
dom. “It’s recognized around the world as 
the most effective way there is of supporting 
high-quality science,” says Nurse. 

More than one-third of Hughes’s cur- 
rent investigators are members of the elite 
National Academy of Sciences, and 14 
have won Nobel Prizes. An as-yet-to-be- 
published National Science Foundation— 
supported study by economists Pierre 
Azoulay and Gustavo Manso of the Mas- 
sachusetts Institute of Technology and 
Joshua Zivin of Columbia University finds 


that very talented young researchers who 
become Hughes investigators “produce 
high-impact papers at a much higher rate” 
than those who don’t. 

The downside is that they must undergo a 
bruising review every 5 years. “The system 
creates a huge amount of pressure and anx- 
iety,” says one former Hughes investigator. 
At least the pain is brief: Investigators get 
a 45-minute presentation and 15 minutes of 
questions before a star-studded review panel 
decides whether to jettison them. 

Another doubt about the model concerns 
the generosity of the money, which some- 
times needs to be spent in a hurry, espe- 
cially at year’s end. “The young people get 
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the impression that money doesn’t matter, 
and that’s not a good lesson for them,” says 
the former Hughes scientist. Tjian says he’s 
been aware of this problem and has changed 
the rules so that each investigator can carry 
over $200,000. 

With four-fifths of its funding going to its 
350 U.S. investigators, Hughes maintains a 
small headquarters staff of about 200 people. 
It has established an international program 
supporting, at different times, researchers in 
Eastern Europe, Latin America, and Canada. 
But this program is currently under review 
and likely to be reshaped to create closer ties 
to host institutions and more involvement 
in Asia. And it runs a $40 million under- 
graduate education program, which has 
infused more research into science education 
at U.S. universities for 4000 students each 
year (Science, 16 April, p. 294). 

The Hughes board’s desire to do some- 
thing that NIH could never do led to its 2000 
decision to buy a site at Janelia Farm for a 
laboratory of its own (Science, 
8 December 2006, p. 1530). 
“Whereas the Wellcome Trust is 
a major part of scientific infra- 
structure in Britain, we are just 
2% of the NIH budget, and 
maybe 5% of basic biomedical 
research,” says Rubin, the labo- 
ratory’s intellectual architect and 
now its director. “If we’re going 
to have an impact, we need to do 
things that NIH is not doing.” 

The Janelia Farm project fits 
that bill, Rubin says, by seeking 
to collect a group of unusually 
talented investigators and place 
them in a sublime research envi- 
ronment. “Our hypothesis was 
that there’s something about the 
environment at Bell Labs and at 
the LMB at Cambridge that was 
special, that brought out the best 
in people,” he says. 

Small research groups are fundamental 
to the mix, says Rubin, adding that success- 
ful investigators at universities often end 
up with so many people to supervise that 
they can’t really do science themselves: “If 
you're going to be a scientist, working with 
your own hands,” he says, “then we’re pretty 
much the only show in town.” The labora- 
tory focuses on neuroscience, with a spe- 
cial emphasis on developing technologies to 
support neuroscientists. 

Sean Eddy, a computational biologist 
who is working on algorithms to find homol- 
ogous gene sequences, decided to move to 
the lab the day Rubin presented the idea to 
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Hughes investigators. “The whole audience 
was hostile, but I thought: They’re building 
my dream,” he recalls. “I just walked up to 
Gerry and said, ‘Sign me up!’” 

Rubin has also attracted problem- 
solvers with nonacademic backgrounds 
such as Eugene Myers, the computer 
whiz who helped Celera produce a draft 
human genome; Eric Betzig, an acclaimed 
young physicist who dropped out of Bell 
Labs 10 years ago to work in his father’s 
machine shop in Michigan; and Timothy 
Harris, a Bell Labs veteran now heading up 
an applied physics group at Janelia Farm. 

Not everyone agrees that this decades- 
old model will work, however. Accord- 
ing to Eddy, one LMB Cambridge vet- 
eran told Rubin that if he wanted to recre- 
ate that laboratory’s original environment, 
he should build “a hut in a swamp.” And 
most Hughes investigators were strongly 
opposed to the idea of such a large, stand- 
alone lab—especially since the project won 
final approval after the 2001 market crash, 
when the investigators were being asked to 
absorb sharp cuts in their own budgets. 

Rubin says the Hughes investigators 
are coming around slowly: “It’s gone from 
90:10 against to 50:50.” All say that it is too 
early to measure the success of a project 
that opened its doors in October 2006. Per- 
haps its strongest asset is Rubin’s intense yet 
carefully reasoned pursuit of his ideal. “Our 
nightmare would be to recreate the Salk,” 
he says, referring to the prestigious but con- 
ventional Salk Institute in San Diego, Cali- 
fornia, “where it isn’t clear that the whole is 
more than the sum of the parts.” 


International reach 

The bustling, palatial atrium of Wellcome’s 
new headquarters on London’s Euston 
Road houses a bigger staff than Hughes 
does—about 550 people—administering 
the trust’s slightly larger and much wider 
range of programs. 
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The trust was set up through the will 
of the pharmaceuticals magnate Henry 
Wellcome in 1936, which handed it 100% 
ownership of his drug company. It has been 
active in medical research ever since, but 
its transformation into a scientific power- 
house only began in 1986, when the trustees 
began to sell the company in three tranches, 
leaving themselves with an endowment 
worth £6.8 billion in 1995. 

“The Wellcome used to act like just 
another research council, playing second 
fiddle to the MRC,” recalls David Cooksey, 
a venture capitalist whose 2006 report to 
the British government has shaped national 
medical research policy, and who served on 
the Wellcome board of trustees from 1995 
to 1999. “But they revisited the will, which 
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and 2008 put a brake on the two expanding med- 
ical research empires. 


@ 1945-75 A collaboration between 
Gertrude Elion and George Hitchings 
pioneers rational drug design at Wellcome 
Foundation laboratories in New York, 
transforming the company and eventually 
winning the 1988 Prize. 


1953 Institute created to hold 
f all shares in Hughes Aircraft 
 Co., with Howard Hughes as 
sole trustee (pictured with 
actress Ava Gardner). 


the U.S.A. 


says that the trust should seek to improve 
human health, and have become much more 
broadly spread.” 

For U.K. biomedical researchers, Well- 
come’s mainstays are the 3- to 4-year proj- 
ect and program grants, which support the 
research activities of hundreds of university- 
based life scientists. The plan to replace these 
has come as a shock. “Once they move to the 
investigator awards, it is just going to be so 
competitive. If you’ve had the slightest dip 
in your career, you'll have no chance,” says a 
biologist at a top U.K. university. “It’s going 
to be very, very tough for mature postdocs to 
get one of these.” 

A 10-year strategic plan published in Feb- 
ruary unequivocally identifies the investiga- 
tor awards as the first of three “focus areas” 
for the trust. Yet Walport denies that they 
mark a sharp change in direction. “This isn’t 
a revolution,” he contends. “It is an exten- 
sion of our existing fellowship program, 
building on our history of very successful 
funding of people.” 

Wellcome has made the final calls for 
its closing grant schemes and announced 
on 5 May that the investigator awards will 
be worth between £100,000 and £425,000 
a year, for up to 7 years. Walport won’t say 
how many of them there will be: “People 
will need to make a case for how much 
money they need to answer their particu- 
lar question,” he says, adding that an “early 
investigator” category will ensure that 
younger scientists, at the peak of their cre- 
ativity, have a fair chance. 

Wellcome has a far larger international 
program than Hughes does, spending about 
£100 million a year on activities aimed at 
typhoid, malaria, and other tropical dis- 
eases, mainly in Southeast Asia and east 
Africa. These stress clinical research and 
capacity-building. And last September, 
the charity announced a £90 million joint 
venture with Merck to build a center for 
the development of affordable vaccines 
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in India. “The trust has had a long-term 
interest in tropical medicine, right from 
when Henry Wellcome had laboratories 
in Sudan,” explains James Whitworth, its 
head of international activities. 

Wellcome is also more heavily involved 
in public outreach, spending about £40 mil- 
lion a year on activities ranging from the 
museum at headquarters—which attracted 
more than 300,000 visitors last year—to a 
regular, highly detailed survey of public atti- 
tudes toward science and medicine. In part- 
nership with the government, it also runs a 
National Science Learning Centre at the Uni- 
versity of York to do residential courses for 
schoolteachers: 6500 of them last year. “Our 
engagement program makes us different 
from other funders,” says Clare Matterson, 
the former management consultant who runs 
it. “I think we lead the way in this.” 

Back in 1993, the trust established a 
major laboratory of its own, the Sanger 
Institute near Cambridge, to undertake the 
British arm of the Human Genome Project. 
Afterward, Sanger morphed into a large, 
multidisciplinary center whose 40 princi- 
pal investigators do systems biology and 
genomics projects that take advantage of its 
sequencing and bioinformatics capacity. 

Unlike Janelia Farm, Sanger has close 
ties with a nearby university—the Uni- 
versity of Cambridge, where several of its 
investigators hold faculty positions—and 
many of its projects are collaborations with 
outside agencies and institutions. It gets 
£100 million a year from Wellcome and 
another £25 million from other funders. 
“Almost everything we do is collaborative,” 
says Michael Stratton, Sanger’s director, 
whose own work is on the Cancer Genome 
Project. “It tends to be the sort of work that 
needs to be done on a scale that can’t be 
achieved at other institutions.” 

Wellcome’s next major capital project 
is the UKCMRI, a £625 million collabo- 
ration with MRC, Cancer Research UK, 


Shares sold off, 


1993 Sanger Institute 
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and University College London, that will 
house up to 1500 scientists and support 
staff members. The laboratory won’t have 
a hospital, but it will be focused on work 
that can be applied to human health: “We’ll 
be trying to make sure that the status and 
reward systems are as tuned towards inno- 
vation as towards discovery,” says John 
Cooper, the project’s interim chief execu- 
tive, now running a small project team 
from Wellcome headquarters. 

UKCMRI is illustrative of Wellcome’s 
close ties with the U.K. government and of 
the risks and benefits that these carry. The 
government money isn’t guaranteed, for 
example, given the perilous state of Brit- 
ain’s public finances. 


A wobbly decade 
Both Hughes and Wellcome have regained 
their financial footing after being roundly 
battered by the 2001 crash and then again 
by the one in 2008. The second blow was 
described in Wellcome’s 2009 annual report 
as “the worst decade for equity markets in 
over 300 years.” Hughes’s chief investment 
officer, Landis Zimmerman, says that the 
worst thing about the 2008 collapse was that 
it hit all investment sectors, “so that all that 
diversification doesn’t protect us.” The finan- 
cial performance of both institutions has 
been drastically less impressive since 2000. 
Apart from one another, the two orga- 
nizations have no rival outside govern- 
ment of equal size or with as much power 
to influence biomedical science. (The Bill 
and Melinda Gates Foundation, which 
spends more overall, devotes only a small 
fraction to scientific research.) Wellcome 
is “an excellent organization and its impact 
is huge,” says Leszek Borysiewicz, chief 
executive of MRC. Its existence allows 
Britain to spend almost twice as much on 
basic biomedical research as France or Ger- 
many. Hughes has set world-beating standards 
that other funders have struggled to match. 
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“T think this is the way all research should be 
funded,” says Vogelstein. “It encourages the 
best researchers just to do the best research. 
You are obliged to do something really phe- 
nomenal, not just incremental.” 

Comparing the two organizations by 
measuring their relative scientific outputs 
is virtually impossible. Both eschew the 
current fashion for quantitative assess- 
ment, for example through citation analy- 
sis. David Pendlebury, a citation analyst for 
Thomson Reuters and one of the world’s 
leading authorities on citation statistics, 
says that any statistical comparison will 
be “apples against oranges” partly because 
Wellcome investigators don’t identify 
themselves as such when listing their affili- 
ation. “What matters in science is what has 
been discovered, and who’s been trained,” 
as Walport puts it, adding that narrative 
tends to describe these things better than 
statistics are able to. 

In the end, Wellcome is larger than 
Hughes because it inherited more money. 
Hughes does more Nobel-league science, 
as it can cherry-pick talent from the world’s 
only scientific superpower. Wellcome does 
more within its social orbit because it has 
chosen to do so, and because Britain is 
smaller. It also does more for the develop- 
ing world, because of its imperial inheri- 
tance, and because Hughes’s agreement 
with the tax authorities constricts its main 
research program to spending within the 
United States. 

As pursuers of discovery by serendipity, it 
is appropriate that today’s Hughes and Well- 
come owe their very existences to serendipi- 
tous events. If either one had failed to liq- 
uidate its stock bequest at the right time, in 
the mid-1980s, biomedical research would 
be much the poorer. Perhaps the greed-is- 
good decade, so caricatured by novelist Tom 
Wolfe, had its good points, after all. 

-COLIN MACILWAIN 
Colin Macilwain is a writer in Edinburgh, U.K. 
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EVOLUTION OF LANGUAGE 


Animal Communication Helps 
Reveal Roots of Language 


An interdisciplinary gathering marks a turning point for a field historically richer in 
talk than data, but which now is increasingly embracing studies of animals 


UTRECHT, NETHERLANDS—Animals com- 
municate with each other constantly: 
Birds sing, monkeys chatter, and apes 
pant-hoot. But what they say is usually pretty 
simple: They want to mate, send an alert 
about food or predators, or express their dom- 
inance in the group. Only humans appear to 
have true language, the ability to use abstract 
symbols—usually words—and combine 
them in a seemingly infinite variety of mean- 
ings about the past, present, and future. 

Researchers have pondered the origins of 
language for at least 200 years, and for much 
of that time, their conjectures were little more 
than talk. Unlike many other human behaviors, 
such as art and toolmaking, language leaves no 
traces in the archaeological record. And many 
researchers have been doubtful about how 
much animal communication could reveal 
about the unique features of human commu- 
nication. That began to change in the 1990s, 
when linguists, evolutionary biologists, psy- 
chologists, primatologists, and other scientists 
teamed up to test new hypotheses about how 
language arose (Science, 27 February 2004, 
p. 1316). Since 1996, this interdisciplinary 
crowd has gathered every 2 years at Evolang, 
a meeting devoted to deciphering the evolu- 
tionary origins of language. 

Although some say the early Evolang gath- 
erings suffered from too many hypotheses and 


too little testing, many think the meeting” here 
last month marks a turning point for the field. 
Participants flocked to hear a barrage of new 
data from animal and human studies. “The 
field has matured, and there is a trend towards 
more empirical work,” says evolutionary biol- 
ogist W. Tecumseh Fitch of the University of 
Vienna in Austria. 

One reason is that fewer scientists now 
follow the early views of linguist Noam 
Chomsky that language emerged de novo in 
humans, with little or no ape pre- 
cursors. Indeed, Chomsky himself 
no longer holds strictly to that view, 
as evidenced by a seminal 2002 


Online 
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Fhumdn language origins. 


the first human language consisted of ges- 
tures, similar to today’s sign languages, or 
articulated speech. And here in Utrecht, a 
new and unlikely seeming animal model for 
human language got star billing: songbirds. 
Their ability to learn and imitate their par- 
ents’ melodious tunes has many parallels 
with the ability of human children to learn 
spoken language, researchers say. 


Hand, mouth, or both? 
Pity poor Viki the chimpanzee. During the 
1950s, two psychologists raised Viki in their 
own home like a human child and tried to 
teach her to speak. Viki managed a rough 
approximation of only four words: mama, 
papa, cup, and (maybe) up. The following 
decade, researchers had much better luck with 
a chimp named Washoe when they tried to 
teach him American Sign Language. But few 
scientists think Washoe’s impressive efforts 
represent true language (Science, 
2 April, p. 38). 

Such evidence that apes are 
poor at vocalizing, but fairly good 


paper in Science he co-authored ~ one at gesturing, has bolstered the 
with Fitch and Harvard Univer- ay i so-called gestural theory for lan- 


sity psychologist Marc Hauser 
(Science, 22 November 2002, 
p. 1569), urging research into both the aspects 
of human language unique to humans and 
the aspects shared with other animals. “The 
more we study animals, the more we realize 
that they have abilities similar to ours,” says 
Natalie Uomini, an archaeologist at the Uni- 
versity of Liverpool in the United Kingdom. 

The new empiricism may help resolve 
one of the field’s liveliest debates: whether 


*8th International Conference on the Evolution of Lan- 
guage, Utrecht, Netherlands, 14-17 April 2010. 


Michael Balter. 


guage origins. According to this 
model, the first human language 
consisted of signing, and articulate speech 
came later. In recent years, the gestural theory 
has gained the upper hand in many scientific 
journals and meetings. “Apes are much better 
at controlling their hands” than at vocalizing, 
says Fitch. “Their gestures are more inten- 
tional and more under control.” 

Many researchers have assumed that 
most primate vocalizations are innate or 
instinctual rather than learned, and so are 
uninformative about the origins of human 
language. For example, the vervet monkey 
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gives out specific, stereotypical alarm calls 
corresponding to predators such as leop- 
ards, snakes, and eagles. These calls, which 
are innate, are a stark contrast to the way 
humans combine words in novel ways. 

But psychologist Katie Slocombe of the 
University of York in the U.K. argues that 
the data don’t support generalizing about all 
primate calls based on a few examples. In a 
poster, she and other European colleagues cri- 
tiqued more than 550 studies of primate com- 
munication and found that few studies exam- 
ined ape vocalization. “Absence of evidence 
may not reflect absence of [vocal] ability,” 
Slocombe’s team concluded. 

In other posters and talks, Slocombe and 
others documented that chimps in the wild do 
vary their vocalizations in response to circum- 
stances, a step toward language. Slocombe 
and psychologist Klaus Zuberbiihler of the 
University of St. Andrews in the U.K. showed 
that chimps modify screams they emit when 
under attack depending on the severity of the 
aggression and their social status compared 
with nearby chimps. Also, wild chimps emit 
so-called rough grunts—vocalizations asso- 
ciated with the finding of food—more often 
when chimp allies are present and the food is 
of high quality. 

Such findings got dramatic support from 
a talk on a more distantly related species, the 
Campbell’s monkeys of the Céte d’Ivoire. 
Primatologist Alban Lemasson of the Uni- 
versity of Rennes | in France, Zuberbihler, 
and their colleagues found that the males of 
these forest-dwelling monkeys have six dif- 
ferent types of calls, which the researchers 
refer to as Boom, Krak, Hok, Hok-oo, Krak- 
oo, and Wak-oo. Yet these sounds are rarely 
used in isolation. Rather, they are combined 
in vocal sequences averaging 25 successive 
calls depending on whether the monkeys were 
encountering predators such as eagles or leop- 
ards, falling trees, the presence of neighboring 


groups, and so forth. Moreover, the animals 
carried on complex “conversations” in which 
the call sequences were constantly being 
modified or altered (see ScienceNOW, 
http://news.sciencemag.org/sciencenow/ 
2009/12/04-02. html). 

This complexity is “significantly beyond” 
what researchers have assumed for nonhuman 
primates, Lemasson told the meeting, and is 
“at odds with the gestural origins of language 
theory.’ Uomini calls these studies “brilliant 


Do I make myself clear? Orangutan gestures are 
intentional and meaningful. 


work” and says the call combinations could 
be considered a form of “proto-language” 
and “proto-speech.” And Erica Cartmill, a 
psychologist at the University of Chicago in 
Illinois, agrees that the Campbell’s monkeys 
do seem to have “the ability to combine calls 
in different ways.” But she cautions that the 
calls fall far short of the kind of syntactical 
structures typical of human languages, which 
have specific rules for how words can be put 
together into sentences. 

As the vocalization camp made gains, the 
gesturalists had advances of their own to put 
forth. Numerous recent studies have under- 
scored the importance of gestures in both 
human and ape communication. In most 
humans, brain regions specialized for lan- 
guage, such as Broca’s area, are located in the 


Getting the point. Both apes and humans may use language-related centers in the left brain when 
pointing with their right hands. 


left hemisphere, which in right-handers also 
controls the movements of the right side of 
the body (see Science’s Origins blog, http:// 
tinyurl.com/n8wroy). Researchers are debat- 
ing whether nonhuman apes also show asym- 
metries in homologous brain areas, and if 
these are the precursors of the lateralized lan- 
guage centers of the human brain. 

Recent work by cognitive scientists 
Jacques Vauclair and Adrien Meguerditchian 
of the University of Provence in Aix-en- 
Provence concludes that such brain asymme- 
tries in apes might indeed be linked to gestur- 
ing. The researchers found that baboons have 
a strong right-hand preference during com- 
municative gestures such as begging for food 
but little hand preference during noncommu- 
nicative gestures such as wiping their faces. 
Captive chimpanzees show similar prefer- 
ences, according to work reported by the team 
in Cortex this year. 

And Vauclair has recently extended such 
studies to human children. Infants and tod- 
dlers tend to use their right hand for point- 
ing—a communicative gesture that appears 
at about 11 months of age and closely accom- 
panies early spoken language—even if they 
are ambidextrous or left-handed in other situ- 
ations, Vauclair’s group reported in Develop- 
mental Science last year. This suggests that 
human gesture and speech are linked and that 
both are at least partly localized in the brain’s 
language areas, they concluded. 

In Utrecht, Vauclair’s Provence colleague 
Héléne Cochet presented further studies along 
these lines. She observed the pointing behav- 
ior of 48 toddlers in French day care centers. 
Earlier research has established two types of 
pointing behavior in young children: impera- 
tive pointing, which is used to ask for some- 
thing the child wants; and declarative point- 
ing, which is used to share interest or infor- 
mation. Researchers consider declarative 
pointing to reflect more complex cognitive 
processes, such as understanding that other 
people are independent agents with their own 
thoughts. On the other hand, most gesturing 
by nonhuman apes is only imperative, such as 
begging for food. 

Cochet found that declarative point- 
ing was more often accompanied by spo- 
ken utterances than was imperative pointing. 
And although children used their right hands 
more often for both imperative and declara- 
tive pointing than for noncommunicative ges- 
tures such as reaching for an object, the right- 
handed trend was even stronger when children 
were declaratively pointing to provide infor- 
mation to an adult. “Our results suggest that 
such cooperative gestures may have played an 
important role in the evolution of language, 
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Cochet told the meeting. 

To explore whether ape ges- 
tures have specific meanings, 
Cartmill videotaped 28 orang- 
utans at three European zoos, 
accumulating more than 100 
hours of recordings. She identi- 


fied 37 gesture types that could be @ 


reliably assigned to one of six dif- 
ferent meanings, such as “play 
with me,” “share your food,” 
and “go away.” Thus the apes are 
conveying meaning to each other 
with their gestures, Cartmill con- 
cluded. “Intentional, meaningful, 
and socially sensitive communi- 
cation emerged long before” the 
kind of symbolic communication typical of 
human language, she says. 

But was that early human communication 
primarily gestural or vocal? Each camp con- 
tinues to make its case, but some researchers 
at the meeting urged that the field acknowl- 
edge the importance of both. “Both modali- 
ties provide potential [primate] precursors 
for different elements of language,” says 
Slocombe, “‘but neither of them alone can 
provide the complete picture.” Thus primate 
vocalizations are discrete signals that can be 
combined in sequences—as in the Camp- 
bell’s monkey—although primate gestures 
have the advantage of being flexible and 
highly intentional, Slocombe says. In his talk, 
Meguerditchian proposed that as early human 
language evolved, gestures 


Vocal learner. Zebra 
finches learn to 
sing much like 
babies learn 

to talk. 
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Singing centers. Birds may help reveal how humans learn to speak, because 
both species have areas of the brain specialized for vocal learning. 


might initially have been more effective for 
“talking,” although vocalizations might have 
been better suited for listening. Primate ges- 
tures appear more localized to brain areas 
homologous to Broca’s area—implicated in 
speech production—whereas primate vocal- 
izations have been more closely linked to 
brain areas homologous to Wernicke’s area, 
which is involved in the understanding and 
perception of speech, he pointed out. 
“Gesture ... might have helped get speech 
off the ground over evolutionary time,” sug- 
gests psychologist Susan Goldin-Meadow 
of the University of Chicago. “The gesture- 
speech relationship we see today, where [they] 
work synergistically to form an integrated sys- 
tem, might have been there from the start.” 


Birds move to center perch 
Language evolution researchers have 
concentrated on apes and other pri- 
mates because they are our closest rel- 
atives. But those animals can’t match a 
key feature of human language: vocal 
learning, the amazing ability of young 
children to imitate the sounds of adults. 
Vocal learning does turn up in a handful of 
other species, including whales and possibly 
bats, but the masters of this talent are song- 
birds, parrots, and hummingbirds (Science, 

31 January 2003, p. 646). 

In his talk leading off a songbird work- 
shop, biologist Johan Bolhuis of Utrecht 
University listed the numerous parallels 
between the way songbirds learn to sing 

and the way human infants learn to speak. 
Both must be exposed to adult “tutors”; juve- 
niles of both species have a sensitive period 
for vocal learning; and both young birds and 
human infants “babble” (called “subsong” in 
birds) while learning to vocalize. 

Over the past few years, Bolhuis and 
other researchers have traced vocal 
learning and song production to bird 
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brain areas that appear analogous 
to human language areas such as 
Wernicke’s and Broca’s areas (see 
diagram). These similarities are 
not likely to be the result of shared 
evolutionary history, because 
the lineages leading to birds and 
humans diverged roughly 300 
million years ago. But they may 
prove instructive all the same, 
Fitch says. “To do vocal learn- 
ing, you need to ... hear some- 
thing and then pipe it over from 
the [brain’s] auditory cortex to 
the motor cortex,” which controls 
speech production, Fitch argues. 
“There are probably not that many 
different ways of getting those connections.” 

Thus, Fitch says, the bird model might be 
able to tell us “how to build a brain that can 
do vocal learning.” Researchers are begin- 
ning to find some of the molecular details of 
how that happens. At the Evolang meeting, 
Kazuo Okanoya, a biolinguist at the RIKEN 
Brain Science Institute in Wako City, Japan, 
reported that genes coding for molecules 
called cadherins—involved in nerve cell con- 
nections in humans and other mammals— 
are expressed at high levels when Benga- 
lese finches listen to adult songs and down- 
regulated when they start to sing themselves. 

Evidence for parallels between bird song 
and human language continues to accumu- 
late. Some researchers have argued that only 
humans are able to distinguish words that 
closely resemble each other. But Verena Ohms 
of the Institute of Biology Leiden in the Neth- 
erlands taught zebra finches to distinguish two 
very similar-sounding Dutch words, pecking a 
button after hearing the correct word of either 
wit (white) or wet (law), even when the words 
were spoken by a variety of human voices, 
both male and female. 

Fitch says that these parallels suggest that 
language evolution researchers can learn a lot 
about human speech by studying our distantly 
related feathered friends. He points to recent 
work by animal behaviorist Constance Scharff 
of the Free University of Berlin and her 
co-workers, showing that FOXP2, a gene 
implicated in human speech, also plays an 
important role in bird-song learning. Fitch says 
that such molecules might have been recruited 
by natural selection to perform similar 
functions even in species that went their evo- 
lutionary ways long ago. Thus, despite their 
distance from humans, birds are now perched 
firmly on the Evolang agenda. Indeed, the 
next meeting, in Kyoto, Japan, in 2012, will 
be organized by bird-brain expert Okanoya 
and his colleagues. -MICHAEL BALTER 
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Cretaceous Extinctions: Multiple Causes 


IN THE REVIEW “THE CHICXULUB ASTEROID IMPACT AND MASS EXTINCTION AT THE CRETACEOUS- 
Paleogene boundary” (P. Schulte et a/., 5 March, p. 1214), the terminal Cretaceous extinctions 
were confidently attributed to a single event, the environmental consequences of the impact 
of an extraterrestrial body. The list of 41 authors, although suggesting a consensus, conspicu- 
ously lacked the names of researchers in the fields of terrestrial vertebrates, including dino- 
saurs, as well as freshwater vertebrates and invertebrates. Although we the undersigned differ 
over the specifics, we have little doubt that an impact played some role in these extinctions. 
Nevertheless, the simplistic extinction scenario presented in the Review has not stood up to 
the countless studies of how vertebrates and 
other terrestrial and marine organisms fared 
at the end of the Cretaceous (/—4). 

Patterns of extinction and survival were 
varied, pointing to multiple causes at this 
time—including impact, marine regression, 
volcanic activity, and changes in global and 
regional climatic patterns (5). It is telling that 
in all other instances of mass extinction in 
the past 600 million years, no signature of an 
extraterrestrial impact has ever been reliably 
detected, despite extensive searches. More- 
over, there are many other known instances 
of large impacts in the geologic record, with 
no associated extinctions (6). The general 
importance of impacts to extinction is called into question, as well as the importance of 
the Cretaceous-Paleogene impact as a single cause (7). By contrast, all of the five widely 
accepted mass extinctions occur during or shortly after times of global marine regression (8) 
and at least three occur during intervals of massive volcanism (9). 


Deccan plateau basalts. Lava from Deccan 
volcanism formed distinct layering. 
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Cretaceous Extinctions: 
The Volcanic Hypothesis 


IN THEIR REVIEW “THE CHICXULUB ASTER- 
oid impact and mass extinction at the 
Cretaceous-Paleogene boundary” (5 March, 
p. 1214), P. Schulte et al. conclude that “the 
Chicxulub impact triggered the mass extinc- 
tion.’ However, the Review does not give suf- 
ficient and accurate consideration to the vol- 
canic hypothesis. The authors claim that for 
Chicxulub, “the extremely rapid injection rate 
of dust and climate-forcing gases would have 
magnified the environmental consequences 
compared with more-prolonged volcanic 
eruptions.” As evidence, they cite our paper 
(J), saying, “the injection of ~100 to 500 Gt 
of sulfur into the atmosphere within minutes 
after the Chicxulub impact contrasts with vol- 
canic injection rates of 0.05 to 0.5 Gt of sul- 
fur per year during the ~1-million-year-long 
main phase of Deccan flood basalt volca- 
nism.” This contains a substantial error and a 
fundamental misrepresentation of our paper. 
Half a Gt per year of sulfur for 1 million years 
amounts to 500,000 Gt of sulfur, which in any 
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CORRECTIONS AND CLARIFICATIONS 


Reports: “Cryogenian glaciation and the onset of carbon-isotope decoupling” by N. L. Swanson-Hysell et al. (30 April, 
p. 608). A typographical error in the Fig. 2 caption was introduced to the print edition during page proofs. The correct 
final sentence of the Fig. 2 caption is, “An increase in k, and in the relative burial of C as organic matter can result in a 
decrease in CO,, as shown for the Mesoproterozoic MTonian & Cryogenian, without changes in volcanic CO, input.” The 


caption is correct in the HTML version online. 


Cover caption: (23 April, p. 397). The cover image showed children studying chemistry, not nuclear physics. 


Reports: “Protein kinase C-@ mediates negative feedback on regulatory T cell function” by A. Zanin-Zhorov et al. (16 
April, p. 372). In the first sentence of the second paragraph on p. 372, T.,, should have been defined as CD4* CD25-. 


Reports: “Arsenic trioxide controls the fate of the PML-RARo oncoprotein by directly binding PML" by X.-W. Zhang et al. 
(9 April, p. 240). In the legend for Fig. 3C, the local structure models were described incorrectly; Zn-PML-R is blue and 


As-PML-R is orange. 


Policy Forum: “China’s road to sustainability” by J. Liu (2 April, p. 50). In the first sentence, China refers to the People’s 
Republic of China. The word “caused” was missing from the sentence “The ‘Great Leap Forward’ movement (1958-1961) 
caused the loss of at least 10% of China’s forests to fuel backyard furnaces for steel production.” 


News Focus: “Immunology uncaged” by M. Leslie (26 March, p. 1573). The article incorrectly stated that the Center for 
Human Immunology, Autoimmunity, and Inflammation was part of the National Heart, Lung, and Blood Institute. It is a 
separate initiative sponsored by several NIH institutes. The article should also have emphasized that the center is conduct- 
ing immunological research and is not a technical service facility. 


News Focus: “Treatment as prevention” by J. Cohen (5 March, p. 1196). The title on the graphic mistakenly indicated that 
“incidence” dropped. The researchers did not measure “incidence” but did find a drop in the number of HIV infections 


detected. 


Reports: “Acetylation of metabolic enzymes coordinates carbon source utilization and metabolic flux” by Q. Wang et al. 
(19 February, p. 1004). In Fig. 2B, the inhibitor used to mimic the cobB mutation was NAM (nicotinamide) not NAD* 


(nicotinamide adenine dinucleotide). 


climate model would lead to a “snowball” 
Earth! In (/), we estimate the total amount of 
SO, released by the traps at about 10,000 Gt, 
less by a factor of 50 than that in Schulte et 
al.’s; Review. The Deccan erupted in a small 
number of short, huge pulses, reducing actual 
injection duration to far less than 1 million 
years. We and others (2, 3) have argued that 
two main phases likely lasted a few thousand 
to tens of thousands of years, during which 
individual flows would have reached vol- 
umes of 10,000 km? and released up to 100 
Gt of sulfur in one or a few decades (based on 
analysis of paleomagnetic secular variation). 
Schulte et al. use our study to show that vol- 
canism did not lead to the extinction, yet we 
showed that injection of SO, by a single vol- 
canic pulse could have had a climatic impact 
similar to Chicxulub. We estimated (/) that 
the largest Deccan pulses emitted up to 100 Gt 
of sulfur at 0.5 Gt per year for a few decades 
to tens of decades, implying a radiative effect 
slightly lower but lasting substantially longer 
than in the impact case. Whereas impact was 
a single event, some 30 volcanic pulses emit- 
ted total amounts of SO, not very different 
from Chicxulub. Their sequence would have 
generated a runaway effect not allowed by a 
single impact or volcanic pulse. Evidence of 
an association between extinctions and con- 
tinental flood basalts (CFBs) arising from 
eruption has been proposed since at least 
1986 (4-7). Subsequent work has shown that 
all extinction or oceanic anoxia events in the 
past 300 million years are associated with a 


large accumulation of igneous material of 
the same age within uncertainties (8). No 
conclusive impact has been demonstrated at 
any mass extinction boundary other than the 
Cretaceous-Paleogene. The case of the larg- 
est CFB (Siberian traps) and mass extinction 
(Permo-Triassic ~250 million years ago) is 
now generally accepted. Without challenging 
the existence or age of the Chicxulub impact, 
we believe that it is increasingly arguable that 
it could not by itselfhave caused a mass extinc- 
tion, but that because it took place demonstra- 
bly during Deccan eruptions (9, 10), it con- 
tributed significantly to the mass extinction, as 
yet another giant lava flow could have, in an 
already very weakened environment. 
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NOUS 


Cretaceous Extinctions: 
Evidence Overlooked 


IN THEIR REVIEW “THE CHICXULUB ASTEROID 
impact and mass extinction at the Cretaceous- 
Paleogene boundary” (5 March, p. 1214), 
P. Schulte et al. analyzed the 30-year-old 
controversy over the cause of the end-Cre- 
taceous mass extinction and concluded that 
the original theory of 1980 was right: A large 
asteroid impact on Yucatan was the sole cause 
for this catastrophe. To arrive at this conclu- 
sion, the authors used a selective review of 
data and interpretations by proponents of this 
viewpoint. They ignored the vast body of evi- 
dence inconsistent with their conclusion— 
evidence accumulated by scientists across 
disciplines (paleontology, stratigraphy, sed- 
imentology, geochemistry, geophysics, and 
volcanology) that documents a complex 
long-term scenario involving a combination 
of impacts, volcanism, and climate change. 
Here, we point out some of the key evidence 
that Schulte et al. overlooked. 

The underlying basis for Schulte et al.’s 
claim that the Chicxulub impact is the sole 
cause for the Cretaceous-Paleogene (K-Pg) 
mass extinction is the assumption that the irid- 
ium (Ir) anomaly at the K-Pg boundary and 
Chicxulub are the same age. There is no evi- 
dence to support this assertion. No Ir anomaly 
has ever been identified in association with 
undisputed Chicxulub impact ejecta (impact 
glass spherules), and no impact spherules have 
ever been identified in the Ir-enriched K-Pg 
boundary clay in Mexico or elsewhere (J, 2). 
In rare deep-sea sites where the Ir anomaly is 
just above impact spherules, it is due to con- 
densed sedimentation and/or nondeposition. 

A Chicxulub impact-generated tsunami is 
another basic assumption of Schulte ef al. to 
account for the impact spherules in late Maas- 
trichtian sediments (including a sandstone 
complex) in Mexico and Texas. Multiple lines 
of evidence contradict this assumption and 
demonstrate long-term deposition before the 
K-Pg, including burrowed horizons, multiple 
impact spherule layers separated by limestone, 
and spherule-rich clasts that indicate the origi- 
nal deposition predates the K-Pg and excludes 
tsunami deposition (/—4). 

Evidence of the pre-K-Pg age of the 
Chicxulub impact can also be found in sedi- 
ments above the sandstone complex in Texas 
and northeastern Mexico and above the 
impact breccia in the Chicxulub crater. Evi- 
dence shows that the K-Pg boundary is not 
linked to the sandstone complex and impact 
spherules (/, 2, 47). 

Evidence that supports the pre-K-Pg age 
of the Chicxulub impact is also found in the 
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presence ofa spherule layer in late Maastrich- 
tian sediments below the sandstone complex 
in northeastern Mexico and Texas (2, 4, 8). 

Deccan volcanism is dismissed by Schulte 
et al. as much older and of no consequence 
in the K-Pg mass extinction. Recent Deccan 
volcanism studies show the contrary (9—//). 
These studies link the mass extinction with 
the main phase of Deccan eruptions. 

When this evidence is taken into account, 
it is clear that the massive Chicxulub and 
Deccan database indicates a long-term mul- 
ticausal scenario and is inconsistent with the 
model proposed by Schulte ef al. 
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Response 

THE LETTERS BY ARCHIBALD ET AL., KELLER ET 
al., and Courtillot and Fluteau question our 
conclusion that the Cretaceous-Paleogene 
mass extinction was caused by the asteroid 
impact at Chicxulub. All three Letters stress 
that Deccan flood basalt volcanism played a 
major role in the extinction. Keller et a/. and 
Archibald et al. also mention that climate 
change was a factor, and Archibald ef al. 
point to marine regression as well. 

We disagree with the hypothesis that vol- 
canic activity can explain the extinction. 
First, geographically extensive biotic records 
of marine microfossils and terrestrial pollen 
and spores that reveal the nature of the Creta- 
ceous-Paleogene (K-Pg) mass extinction with 


the greatest fidelity do not contain evidence 
of accelerated extinction rates during the last 
400 thousand years of the Cretaceous [our 
Review and (/, 2)] and therefore do not sup- 
port the idea that the biosphere was somehow 
destabilized by Deccan volcanism. In fact, 
plant macrofossils record a diversification dur- 
ing this time (2). Studies of the last 1.5 million 
years of the Cretaceous from North America, 
Europe, and Asia [e.g., (3, 4)] are compatible 
with a sudden extinction scenario for non- 
avian dinosaurs. Moreover, the constancy of 
late Maastrichtian open ocean sedimentation 
(as indicated by climate cycles driven by reg- 
ular oscillations in Earth’s orbit) does not 
provide evidence for overall declining pro- 
ductivity or instability in marine ecosystems 
preceding the boundary [e.g., (5)]. 

Second, recent studies suggest that 
the emplacement of the Deccan flood 
basalts took place during multiple (~30) 
large eruptive pulses, most of which 
predate the K-Pg boundary by several 
hundred thousand years (6). In con- 
trast, others have argued that “activ- 
ity in the continental flood basalt prov- 
ince as a whole is likely to have been 
quasi-continuous” (7). Nevertheless, 
it is extremely difficult to reconcile the 
protracted Deccan flood basalt eruption 
history with a single abrupt mass extinc- 
tion horizon exactly at the K-Pg bound- 
ary. Although it is well documented that 
the Chicxulub impact event coincided 
precisely with sudden paleontological 
and paleoenvironmental changes and 
the K-Pg mass extinction [our Review 
and (8, 9)], there are no comparable data 
demonstrating that a major pulse of Deccan 
volcanism coincided with the mass extinction. 
Moreover, it remains to be explained why one 
eruptive event would have resulted in mass 
extinction, whereas multiple earlier eruptive 
events of comparable magnitude and duration 
occurring up to 500 thousand years before the 
K-Pg boundary (6) left few global environ- 
mental traces [e.g., (7, 2)]. 

Third, rates of sulfur injections are criti- 
cally important to discriminating between 
environmental consequences of impact ver- 
sus those of volcanism because the residence 
time of sulfur in the atmosphere is short (70). 
Courtillot and Fluteau claim that we mis- 
represent their 2009 paper (6). However, the 
paper includes exactly the numbers (reported 
as “0.1 to 1 Gt/a sulfur dioxide’’) we stated. 
We did not note their finding that the sulfur 
was released “over durations possibly as short 
as 100 years for each single eruptive event” 
(6) because this does not affect our conclu- 
sions. Maintaining such a sulfur release for 
100 years would indeed result in a total sulfur 
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release of 50 Gt, which is in the order of the 
lowest estimate for Chicxulub impact (see our 
Review). However, sulfur is removed from 
the atmosphere continuously (/0) and there- 
fore any accumulation in the atmosphere is 
unsupported, contrary to the claim made 
by Courtillot and Fluteau. We also empha- 
size that the instantaneous release of 100 to 
500 Gt sulfur is only one consequence of the 
Chicxulub impact, and the K-Pg boundary 
mass extinction is likely the result of a com- 
bination of several impact-induced environ- 
mental effects (including the release of sul- 
fur, soot, dust, and other effects, as noted in 
our Review), whereas the Deccan flood basalt 
hypothesis relies exclusively on the injection 
of sulfur dioxide (6). 


The Chicxulub Crater. A computer-generated 
gravity map image shows the Chicxulub Crater on 
Mexico's Yucatan Peninsula. 


With regard to Archibald et al.’s and Cour- 
tillot and Fluteau’s comments about other 
Phanerozoic mass extinction events that 
co-occurred with the emplacement of flood 
basalt provinces, we note that these extinction 
events are commonly associated with oce- 
anic anoxia, calcification crises, and strong 
global warming—none of which is observed 
at the K-Pg boundary (2, /0—/3). Further- 
more, there is an absence of mass extinctions 
during several large flood basalt eruptions 
(10, 14). Each mass extinction event should 
be considered relative to the record for that 
event [e.g., (/2)], and we stress the unique 
aspects of the K-Pg boundary record. Chic- 
xulub is by far the largest known impact event 
in the Phanerozoic, and the projectile hit an 
extraordinarily thick sulfur-rich sedimen- 
tary sequence (see our Review). The absence 
of evidence for impact phenomena at other 
mass extinctions, discussed by Archibald et 
al., is irrelevant for our synthesis of the stra- 
tigraphy and biotic response to the specific 
Chicxulub impact event. 
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Our work in no way diminishes the impor- 
tance of gaining a better understanding of the 
environmental consequences of massive vol- 
canism. We do not doubt that such volcanism 
can significantly perturb the global environ- 
ment. However, a robust correlation between 
mass extinction and flood basalt volcanism 
as suggested by Courtillot and Fluteau is 
unlikely [see reviews of (/0, /4)]. 

Keller et al. and Archibald et al. men- 
tion that climate change contributed to the 
extinction. As outlined in our Review and in 
(/, 2), climate fluctuations during the latest 
Maastrichtian (minor warming and subse- 
quent cooling) and the associated faunal and 
floral consequences are clearly separated 
from the abrupt mass extinction event at the 
K-Pg boundary. 

In response to Archibald ef al.’s point 
about marine regressions, we note that marine 
mass extinctions may have coincided with 
global sea-level changes [e.g., (5)]. How- 
ever, because sea-level changes are numer- 
ous (15), this association seems coincidental 
rather than causal (/6). Sea-level change also 
fails to explain the disruption of vegetation 
and the faunal change observed in terrestrial 
environments at the K-Pg boundary (/). 

We disagree with the comments of Keller 
et al. regarding the association between 
Chicxulub impact ejecta and the K-Pg 
boundary, and we point out that our Review 
addressed all of the issues to which they 
refer. Our Review integrated new data with 
previous work in the peer-reviewed litera- 
ture to provide substantial corroborating evi- 
dence for a global correlation of the Chicxu- 
lub impact with the K-Pg boundary. 
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Honing the Test-and-Treat 
HIV Strategy 


IN HIS NEWS FOCUS STORY (“TREATMENT AS 
prevention,” 5 March, p. 1196), J. Cohen 
reviews ideas presented at the 17th Conference 
on Retroviruses and Opportunistic Infections 
about the use of HIV treatment as prevention. 
Enthusiasm for the treatment-as-prevention 
approach has grown in recent years as (i) the 
drugs have become safer, better tolerated, and 
more widely available; (11) widespread testing 
has become cheaper and more efficient; (i11) 
earlier therapy has become desirable; and (iv) 
mathematical modeling by some (/) (but by 
no means all) has suggested that a test-and- 
treat strategy could control the spread of HIV. 
Cohen cites an observational analysis, 
by Donnell ef al., that reported considerable 
reduction of HIV transmission in HIV discor- 
dant couples when ART was provided to the 
HIV-infected index partner (2). This finding— 
similar to work from Sullivan et al. presented 
at Conference on Retroviruses and Opportu- 
nistic Infections in 2009 (3)—helps to support 
the key assumption that ART reduces infec- 
tiousness. However, these studies report only 
short-term observations; they do not address 
the durability of this effect or the risk of trans- 
mitted drug-resistant HIV strains, two critical 
considerations for the test-and-treat strategy. 
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Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 
general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 
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SOCIAL SCIENCES 


Selfish Games 


David Krakauer 


he paradoxical seriousness of games 
| was reviewed synoptically by the 
Dutch historian Johan Huizinga in his 
1938 book Homo Ludens (1). It includes a 
description of a community of states whose 
“diplomatic forms, its mutual obligations in 
the matter of honoring treaties ... in 
the event of war ... all bear a formal 
resemblance to play-rules inasmuch 
as they are only binding while the 
game itself ... is recognized.” 

In 1944, John von Neumann 
and Oskar Morgenstern published 
Theory of Games and Economic 
Behavior (2). This monograph con- 
solidated mathematical game theory 
and provided fortuitous support for 
the humanistic insights of Huizinga. 
Although the essential ideas for game theory 
grew out of the analysis of parlor games, they 
were quickly generalized to matters as seri- 
ous as the chilling cold war strategy of mutu- 
ally assured destruction. 

Game theory provides a mathematical 
tool kit for analyzing strategic interactions by 
assigning payoff values (utility values) to sets 
of individual strategies and seeks to deter- 
mine strategy stability. The best-known sta- 
bility criterion is the Nash equilibrium, which 
defines pairs of strategies from which any 
deviation will reduce the payoff. 

In The Calculus of Selfishness, Karl Sig- 
mund provides a comprehensive and acces- 
sible mathematical exposition of the evolu- 
tionary game theory of selfishness. The book 
should prove accessible to natural and social 
scientists as its mathematical arguments 
employ intuition, geometry, and simulation 
with a minimum of axiomatic formality. The 
demands on the reader typically involve little 
more than linear algebra and calculus. 

For Sigmund (a mathematician at the 
University of Vienna), in the spirit of Adam 
Smith, selfishness implies the enlightened 
self-interest of individuals. The problem that 
game theory seeks to explain is reciprocity 
among selfish individuals. After opening the 
book with a short history, Sigmund structures 
it through a sequence of games. The first is 
the prototype of reciprocal gaming, the pris- 
oner’s dilemma. In subsequent chapters, he 
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includes player identity and memory, allow- 
ing for indirect reciprocity. He then intro- 
duces the ultimatum game and, finally, pub- 
lic goods games. This hierarchy of games 
corresponds to an expansion of the volume 
of social concepts to include fairness, trust, 
incentives, sanctions, and 
moral sentiments. 
Sigmund’s preferred 
approach to game the- 
ory is to consider a well- 
mixed population of play- 
ers, with those obtaining 
the highest payoffs pref- 
erentially replicating or 
imitated. Over time, these 
strategies increase in fre- 
quency at the expense of 
others. This is an evolutionary approach to 
game theory that replaces rational delibera- 
tion by individuals with a Darwinian popula- 
tion dynamic. At the center of this approach 
is replication, typically modeled in determin- 
istic systems by using the replicator equation. 
Some of the more technical elements in the 
book are devoted to the analysis of this equa- 
tion and its derivation through imitation pro- 
cesses. The key insights supporting the use of 
dynamics are that the saturated rest points of 
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the replicator equation correspond to Nash 
equilibria and that, through Brouwer’s fixed 
point theorem, all symmetric games possess 
Nash solutions. 

The author’s style of model building is 
incremental. He adds spatial and temporal 
dimensions to an initial one-shot, bimatrix 
game. His simplest game has two dimensions 
of strategy, memory for one round, and one 
shot of play (2D, 1M, 1T). He builds the mod- 
els up to include more strategies, increased 
memory depth, and iterated rounds of play: 
(2D, 1M, 1T), (2D, 1M, mT), (2D, nM, 1T), 
... (nD, nM, mT). He also introduces errors to 
allow for a small probability that the wrong 
strategy is adopted, and he analyzes contin- 
uous strategy spaces in an adaptive dynam- 
ics setting. This makes for a lucid communi- 
cation of ideas grounded on a foundational 
dynamical system. 

Having reviewed methods, what of con- 
cepts? I consider the three chapters on reputa- 
tion, fairness and trust, and public goods the 
richest in new insights. These chapters pro- 
vide the strongest evidence for the ability of 
simple mathematical ideas to illuminate com- 
plex psychological and social phenomena. 
Moreover, these models are often of great- 
est value when they fail in interesting ways to 
account for the results of experimental eco- 
nomics studies, suggesting either a flaw in 
assumptions or insufficient complexity of the 
models. Such failures are interesting because 
the models tend to bias solutions in the direc- 
tion of individual, short-sighted outcomes 
coupled to low payoffs. 

These model-data 
discrepancies appear 
frequently in studies of 
indirect reciprocity and 
in experimental game- 
based studies of fair- 
ness. Indirect reciprocity 
arises in repeated games 
where one’s behavior 
is directed against indi- 
viduals with whom one 
did not interact in a pre- 
vious round. Vicarious 
reciprocity describes 
the case where altruis- 
tic behavior is directed 
toward an altruist with 
whom one did not inter- 
act in a previous round. 
Misguided reciproc- 
ity is altruistic behavior 
directed toward a recipi- 
ent of altruism in a pre- 
vious round. Models can 
generate robust vicari- 
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ous reciprocity but not misguided reciprocity, 
which is a common feature in the experimen- 
tal data on human subjects. 

Similar anomalies are observed in models 
of the ultimatum game in which a proposer 
offers a fraction of her wealth to a responder, 
who can accept the sum or reject it (in which 
case both parties receive nothing). Simple 
models discover Nash solutions with the 
minimum offer, whereas the data frequently 
reveal fair offers (e.g., 50%). In this case, 
augmenting the models to allow for reputa- 
tion effects can restore fairness to the game 
solutions. 

The Calculus of Selfishness offers a valu- 
able review of recent progress in evolution- 
ary approaches to prosocial phenomena. In a 
world where selfishness has been called the 
defining human characteristic, we need all the 
thoughtful help we can get. 
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Identity Matters 
Robert Sugden 


ntil quite recently, most economic 

theories were based on a priori 

assumptions about the rationality 
of individuals’ choices. Much of the most 
prestigious work in economic theory was 
directed at refining the concept of rational- 
ity, developing rational-choice explanations 
for what had previously been seen simply as 
reliable empirical regularities, and extend- 
ing the scope of rational-choice theory to 
colonize the domains of other social sci- 
ences. Now, however, there is a move toward 
the relaxation of rationality assumptions 
and the import of explanatory principles 
from other disciplines. Game theorists are 
borrowing modeling techniques from theo- 
retical biology, explaining human decisions 
as the result of trial-and-error learning or 
of blind processes of selection. Behavioral 
economists are drawing on the ideas and 
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experimental methods of cognitive psychol- 
ogy and neuroscience. George Akerlof and 
Rachel Kranton’s /dentity Economics opens 
a new front in this transformation of eco- 
nomics by incorporating ideas from sociol- 
ogy and anthropology. Given economists’ 
traditional suspicion of these disciplines as 
lacking in theoretical rigor, this is a particu- 
larly brave move. 

The key concept that Akerlof and Kran- 
ton (economists at, respectively, 
the University of California, 
Berkeley, and Duke University) 
take from sociology is identity. 
Societies are structured by com- 
monly understood categoriza- 
tions (such as those of age, class, 
race, and gender) into groups 
with their own norms of behav- 
ior. Understanding their identi- 
ties in terms of these categories, 
individuals feel pressure to fol- 
low the corresponding norms. 
Akerlof and Kranton translate this idea into 
economic language by postulating that indi- 
viduals gain (or lose) “identity utility” by 
conforming to (or deviating from) the norms 
of their identities. 

The authors apply the idea of identity 
to four issues having important economic 
dimensions: incentives and motivation in the 
workplace, motivation to learn in schools, 
gender asymmetries in labor markets, and 
interactions between race and poverty. Aker- 
lof and Kranton review a wide range of 
ethnographic studies that demonstrate the 
importance of identity. Take the case of gen- 
der. Many occupations and modes of work- 
ing are still stereotyped as male or female. 
A female corporate lawyer who is ambitious 
and forceful is perceived by her workmates 
as unfeminine; a male nurse who is sym- 
pathetic and caring is perceived as unmas- 
culine. Women who enter male-dominated 
occupations are systematically harassed by 
their male co-workers. Akerlof and Kranton 
argue convincingly that individuals’ desires 
to maintain their gender identities are crucial 
for the reproduction of gender asymmetries. 
They conclude that public policy should aim 
to shift perceptions of the norms associated 
with identity. Thus, they give the women’s 
movement much of the credit for recent 
reductions in the extent of gender asym- 
metries in the labor market and highlight 
the significance of gender-neutral job titles 
(such as “firefighter” rather than “fireman”’). 
Similarly, they commend African-American 
leaders who have sought to “change what it 
means to be black.” 

The main analytical work in these stud- 
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ies is sociological and ethnographical. It is 
by consulting the findings of researchers 
who have used the methods of these disci- 
plines that Akerlof and Kranton discover 
which categories are socially recognized, 
what norms are associated with each iden- 
tity, and how perceptions of identity can 
be influenced by policy. So it is surprising 
that, when urging their fellow economists to 
adopt new methodologies, the authors’ main 
emphasis is on represent- 
ing identity in economic 
models. They acknowl- 
edge that the results of their 
models are often not partic- 
ularly surprising, once the 
sociological ingredients 
are understood: “What is 
new ... is the assumptions.” 
But they seem reluctant to 
propose that economists 
do the work necessary to 
find which assumptions are 
required. Just as behavioral economists have 
learned to run the sorts of experiments that 
once were the preserve of psychologists, one 
might have thought that identity economists 
would learn to write ethnographies. But per- 
haps that would be taking bravery too far. 
Identity Economics is a popular account 
of work that will already be familiar to 
economists who have read the authors’ jour- 
nal articles. It is admirably short, written in 
a clear, nontechnical style but without the 
condescending breeziness of many books 
aimed at the airport market. Nonspecialist 
readers will find a lot of insightful and well- 
informed analysis of how issues of identity 
have an impact on real economic problems. 
However, these readers may be bemused 
by Akerlof and Kranton’s descriptions of 
their models and discussions of their gen- 
eral modeling strategy. The authors defend 
this strategy on the grounds that it generates 
more satisfactory explanations of economic 
reality than traditional economic theory can 
supply. But their presentations of the mod- 
els themselves are so brief and nontechni- 
cal that the reader ends up having to take 
that claim on trust. Presumably, Akerlof and 
Kranton judged that their readers would be 
bored by more detailed discussion or would 
not understand it. But then why are the same 
readers expected to be interested in, or able 
to evaluate, the relative merits of different 
modeling strategies in economics? One 
sometimes has the sense that arguments 
that really are addressed to fellow econo- 
mists are being played out in front of a gen- 
eral audience. 
10.1126/science.1189285 
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The Smart Electricity Grid 
and Scientific Research 


Jan Beyea 


o-called “smart” meters and appli- 

ances have the potential to save energy, 

to shave peak electricity usage, and 
to reduce risks of blackouts (/—6). Typical 
smart meter designs include periodic trans- 
mission of current, phase, and frequency 
data from the user to the electricity distribu- 
tion company. Utilities will use the data in 
billing calculations under time-of-day pric- 
ing, for load-management research, to pro- 
vide customer feedback, and/or to adjust 
customer appliances. 

However, there has been little discussion 
of the full scientific, economic, and historic 
potential of these data, whose usefulness 
may extend beyond the original purposes for 
which the data will be collected and stored. 
Input is needed from third-party researchers 
(neither customers nor utilities) at this early 
and critical stage of the smart grid’s develop- 
ment, with legislation and regulations yet to 
come. Otherwise, it will be hard for regula- 
tors to reach a balanced decision on which 
high-resolution data should be stored, for how 
long, and to whom it should be made acces- 
sible inside and outside the collecting utility. 


How Much Data? 

The Obama Administration is projecting 40 
million smart meters in the United States “over 
the next few years” (7). The European Union 
is planning to install 245 million within the 
next 10 years (8, 9). Some systems in Europe 
are already transmitting at 1-s intervals (/0). 
Computer algorithms are capable of convert- 
ing 1-s interval data into a timeline of smart 
appliance use (6, //—/4) by making use of 
libraries of characteristic appliance signals; 
performance degrades as the time resolution 
becomes coarser (//). 

The cost of storing a customer’s data 
would be trivial compared with a customer’s 
annual electricity bill, even without data com- 
pression. A stream of four numbers (current, 
phase, frequency, and time) transmitted every 
second amounts to 0.5 gigabytes of data per 
year per customer, about as much data as are 
stored on one standard compact disc. The 
data from 100 million customers, roughly 
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the amount of households in the 
United States, would amount to 50 
petabytes per year before compres- 
sion. About 0.05 petabytes would 
be needed to store data at 15-min 
intervals, reflective of many first- 
generation smart meters. The sam- 
ple sizes potentially available for 
research are huge, but manage- 
able, even without subsampling. 
Data sets in the multipetabyte 
range are already being analyzed 
in biology and physics (/5). For 
example, about 2.5 petabytes of 
data are stored in mammograms 
each year in the United States (/5). 
About 15 petabytes are projected 
to be stored each year at the Large 
Hadron Collider (6). 


Privacy 
Privacy protection is a major chal- 
lenge for smart meter systems anda 
challenge for any use of social-spatial data by 
the scientific community at large, because it 
is possible to use high-resolution data to infer 
personal habits. The implications related to 
unwarranted government searches under the 
Fourth Amendment of the U.S. Constitution 
are sobering (//, 77), and privacy guidelines 
are being developed and debated (/S—20). 
But if privacy-protecting access tech- 
niques are approved by regulators for energy 
management purposes, some variant should 
merit approval for use in third-party research. 
For instance, data may be confined to utility 
servers, with analysis algorithms transmitted 
from researchers and executed on the server. 
Also, many researchers have great experi- 
ence dealing with the privacy of study sub- 
jects through service on, and interactions 
with, Institutional Review Boards (2/, 22). 
Consent could be obtained, just as it is in any 
human-subject study involving individual- 
ized data. However, some privacy risks will 
always remain (20), and some data will have 
to be off limits. 


Promising Uses of Data 

Even data that are stripped of all recorded 
personal identifiers to minimize the risk of 
privacy invasion (de-identified data) could 
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Researchers have an interest in access to, and 
preservation of, data that will soon be collected 
by the smart electricity grid. 


help answer questions of interest to energy 
researchers and social scientists. Are there 
ways to spot impending electricity outages? 
How does energy usage correlate with cur- 
rent events, appliance standards, and price? 
Which utility programs work best to improve 
energy efficiency? How are appliance effi- 
ciencies changing over time? How varied is 
the usage of appliances from person to per- 
son, from region to region, and from decade 
to decade? 

Even more useful would be de-identified 
data that retain some geographic informa- 
tion, such as county, town, census tract, and/ 
or census block. Privacy risks would be mini- 
mal, and demographic data collected in the 
census, as well as local meteorological data, 
could be added to the electricity data set, 
thereby increasing its usefulness for group- 
level analysis. Economists and energy mod- 
elers could use the combined data to exam- 
ine how electricity usage—even appliance by 
appliance, in some cases—is related to price, 
average household income, and average fam- 
ily size, as well as other aggregated variables 
available in census block data. The simulta- 
neous responses of millions of customers to 
episodic weather changes, national tragedies, 
presidential proclamations, changes in laws, 
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and cultural trends could be studied by social 
scientists. Comparisons across countries 
could be fascinating. 

Electricity use in the home is of interest 
to epidemiologists. Appliance usage may 
be a main effect variable in epidemiologic 
studies of health impacts of electromagnetic 
fields (23). It may be a confounding variable 
in studies of air pollution or other causes of 
disease (24). Smart meters could provide 
direct data on use of some appliances (e.g., 
microwaves and electric blankets), as well as 
a check on usage data for other appliances 
obtained from the questionnaires normally 
used in such studies. 

Other types of health studies (e.g., inter- 
vention studies) can benefit from access 
to detailed, individualized electricity data. 
Algorithms might be designed, for example, 
to infer how many times per day a refrigera- 
tor door was opened (relevant to dietary and 
obesity studies), the times of day a residence 
was occupied (relevant to air pollution health 
studies), and even the pattern of sleep (rele- 
vant to a variety of health studies). 

Some uses of data may be unknown today, 
but important decades hence. Saved electric- 
ity data may help future generations solve 
unanticipated problems, just as 1960s satel- 
lite images collected before awareness of the 
climate problem assist us today (25). 


Data Ownership and Access 
Individual user data are considered to belong 
either to the customer or to the collecting util- 
ity, with access to the data in aggregate lim- 
ited to the utility, subcontractors, and third- 
party energy-management companies. But 
other third-party researchers, who do not yet 
appear to be viewed as major potential users 
of data from smart meters, need to be added 
to the picture; otherwise, privacy regulations 
might inadvertently freeze them out (J—6, 8, 
11, 17, 26). Even if access were expanded to 
include such outside researchers—under as 
yet undetermined restrictions—it is common 
practice for utilities to destroy customer data 
after a delay period chosen to allow for long 
billing disputes. This delay is often 7 years in 
the United States (77). This means that data 
would be lost to historians, unless specific 
regulations were implemented to allow data, 
or a subset of them, to be transferred to an 
archival repository. 

How might a research project get approval 
to access data? A review board or staff at a 
utility commission might handle the duties 
of performing due-diligence assessments 
of research requests, working in consort 
with the Institutional Review Boards at the 
requesters’ institutions. Funding of the proj- 


ect by government agencies that used a peer- 
review grant process might be a requirement 
that would ensure, for example, that sample 
size, measurement error, and other issues 
have been accounted for in any proposed use 
of specific appliance data. 

Electricity data are only one example 
where the government has bargaining power 
(e.g., via public utility commissions) to facil- 
itate access to data by qualified researchers, 
but taking action is timely, because this data 
revolution is in its very early stages. In addi- 
tion, tax benefits may soon be given for instal- 
lation of smart meter systems; sharing of data 
(with privacy protection mandated) could be 
made a prerequisite. 

Furthermore, it is the customers as a group 
who will pay for the meters. As part of the 
“regulatory bargain” (27) that gives govern- 
ment control of prices, profitability, and ser- 
vice standards of monopoly utility companies, 
regulators will allow the electricity distribu- 
tion company (a monopoly) to pass on direct 
costs, raise necessary capital, and make a lim- 
ited, but guaranteed, rate of return on prudent 
investments. Under such arrangements, regu- 
lators could include (modest) costs needed to 
facilitate third-party research. 


Planning for the Future 

Now is the time for researchers to join dis- 
cussions about data from smart meters. The 
National Institute of Standards and Tech- 
nology is developing model standards in 
the United States for information manage- 
ment of smart grid devices (www.nist.gov/ 
smartgrid/). The European Commission has 
a Smart Meter Coordination Group (www. 
cen.eu). Contact with state and local electric- 
ity regulators could be fruitful. Many utility 
companies will likely be helpful, if regulators 
consent to third-party research. Studies could 
be carried out in collaboration with indus- 
try research institutions such as the Electric 
Power Research Institute. Some utilities, 
however, may recoil at outside research, for 
example, on health effects from electromag- 
netic fields, because of concerns about possi- 
ble future liability and/or bad publicity. Large 
samples can turn up associations that are very 
weak, but still statistically significant, which 
might be problematic for companies, depend- 
ing on the presentation of results. 

At this moment of transition for the elec- 
trical grid, researchers and their institutions 
can work with local utilities and local reg- 
ulators, and scientific societies can work at 
the national level, to present the case for the 
benefits of access and research, to describe 
scientists’ experience with privacy pro- 
tection, and to help make sure that third- 


party researchers are not excluded by rules 
set without considering them. Reviews of 
third-party research concepts by a National 
Research Council panel that included pri- 
vacy scholars would be useful, as would 
reviews by equivalent bodies outside the 
United States. Their reviews and recom- 
mendations could consider other massive 
data sets—e.g., cell-phone geospatial data, 
whose access might also be made feasible as 
part of regulatory and legislative bargains. 
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any pathogenic bacteria disable 
their host’s immune system and 
thereby protect themselves from 


destruction by delivering “effector proteins” 
into the inner, cytosolic compartment of the 
eukaryotic host cells. Gram-negative bacteria, 
in particular, have evolved an elaborate “nee- 
dle complex”—the type III secretion system 
(T3SS), consisting of more than 20 proteins— 
to convey an arsenal of effector proteins from 
their own cytosolic compartment across three 
membranes directly into the cytosol of the host 
cell (/). These bacteria spend much of their 
lives in transit between eukaryotic hosts, how- 
ever, and it would be a potentially catastrophic 
waste of their resources to secrete effector pro- 
teins continuously into their environment. On 
page 1040 of this issue, Yu ef al. (2) describe 
a system to regulate the secretion process in 
Salmonella enterica, an important intracellu- 
lar pathogen of humans and animals. 

The authors show that after the bacterium 
enters the host cell within a membrane-bound 
vacuole, it detects its arrival there by sensing 
the pH sequentially in two locations: first the 
acidic pH within the vacuole and then, once 
the T3SS has penetrated the vacuolar mem- 
brane, the neutral pH of the cytosol outside the 
vacuole. Only then does the bacterium allow 
its effector proteins to proceed through the 
T3SS needle into the host cell cytosol to con- 
trol selected metabolic processes of that cell. 

The T3SS needle complex has at its base 
a multiring substructure with 19- to 22-fold 
rotational symmetry. This substructure spans 
the inner and outer membranes of the bacte- 
rial envelope and serves as the fundamental 
unit for secretion. The base secretes three 
classes of proteins: subunits of a narrow 
needle, which is connected to the base and 
extends outward from the cell surface; trans- 
locon proteins, located at the tip of the needle 
and capable of forming a pore in a host cell 
membrane; and effector proteins, which pass 
through the needle and the translocon pore 
into the cytosol of the host cell. 

The regulatory system described by Yu et 
al. consists of three proteins—SsaL, SsaM, 
and SpiC—thought to be located at or near the 
portal through which proteins enter the secre- 
tion channel in the base of the T3SS needle 
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into infected host cells by sensing the pH of 
their environment. 
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Regulation of the S. enterica secretion process. (Left) After S. enterica has entered a host cell, the acidity 
of the vacuole within which the bacterium resides induces assembly of the T3SS needle complex. A regulatory 
complex (yellow) formed from SsaL, SsaM, and SpiC at the entry portal of the needle prevents secretion of 
effectors (blue), but allows translocon proteins (purple) to enter and proceed to the tip of the needle, where 
they form a pore in the vacuolar membrane. (Middle) The pore enables the elevated pH of the host cell cyto- 
sol to be sensed, causing the disassembly of the SsaL/SsaM/SpiC (ternary) complex. (Right) Effector proteins 
can now pass through the needle complex and enter the cytosol of the host cell. 


complex. The three proteins form a ternary 
complex when the bacteria are grown at pH 
5.0, an acidity that mimics the environment 
in the vacuole and is required for functional 
assembly of the T3SS (3). An intact ternary 
complex is required for secretion of translo- 
con proteins and at the same time suppresses 
effector secretion, which suggests that it 
forms a selective gateway to the channel. 
When Yu et al. exposed wild-type bacteria 
to a neutral-pH medium after they had been 
grown in an acidic medium, they found that 
effector secretion was raised by an order of 
magnitude, indicating two sequential steps of 
pH sensing. Under the assumption that trans- 
locon proteins at the tip of the T3SS needle 
insert into the surrounding vacuolar mem- 
brane in an infected cell, one can readily con- 
ceive that the needle could provide a pathway 
for sensing the neutral pH outside the vacu- 
ole. Indeed, when the authors lowered the pH 


of the cytosol of S. enterica—infected cells 
from neutral to acidic, effector secretion was 
suppressed. These results suggest that the pH 
of the host cell cytosol is a signal for shifting 
the secretion process from translocon pro- 
teins to effector proteins. 

How is the integrity of the ternary com- 
plex affected by exposing bacteria grown at 
pH 5.0 to a pH 7.2 medium? As the authors 
show, the increase in pH leads to dissociation 
of the complex. Further, levels of SsaL and 
SsaM declined, and the decline was delayed 
in infected cells with acidified cytosolic pH 
or lacking a translocon pore. Taken together, 
the results indicate that the regulatory com- 
plex acts as a selective gate, which dissoci- 
ates following translocon-dependent sensing 
of host cytosolic pH, relieving the suppres- 
sion of effector secretion (see the figure). 

What is the nature of the pH sensor that 
induces dissociation of the ternary regula- 
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tory complex? Changes in the concentrations 
of specific ions, in particular H* and Ca”*, 
can induce major changes in conformation 
of some proteins. A relevant example is the 
pH-dependent conformational transition that 
enables some bacterial toxins (such as diph- 
theria and anthrax toxins) to insert into endo- 
somal membranes, form pores, and trans- 
locate their effector subunits to the cytosol 
under acidic conditions (4). In these cases, 
the sensor protein is the toxin itself. In T3SS, 
one candidate is the needle subunit, which 
may undergo a conformational shift that 


is transmitted to the regulatory complex. 
The work by Yu et al. presents an intrigu- 
ing model of how S. enterica senses con- 
tact with the host and how it reacts to a sig- 
nal from another compartment (the cyto- 
sol) from that in which it replicates. It is 
currently unknown whether pH differen- 
tials, as described here, are a widespread 
means of host sensing by other intracellu- 
lar Gram-negative bacteria as well, but there 
is evidence from studies with Yersinia and 
Escherichia coli that the low Ca** concen- 
tration of the host cell may be the basis of a 


similar T3SS switch in those organisms (5, 6). 
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GEOPHYSICS 


The Enigmatic Inner Core 


Bruce A. Buffett 


ver the past billion years or so, Earth’s 

liquid iron core has cooled and solidi- 

fied, resulting in the growth ofa solid 
inner core (/). Seismic data on the structure 
of this inner core reveal a bewildering degree 
of complexity (2, 3). Most surprising is the 
observation that the seismic properties differ 
between the eastern and the western half of 
the inner core (see the figure) (4). How could 
distinct hemispheres develop as the inner core 
has grown? On page 1014 of this issue, Mon- 
nereau et al. (5) propose an intriguing answer: 
They suggest that as the inner core has grown, 
material has moved laterally within it. When 
this lateral motion is sufficiently fast, melting 
and solidification should occur in opposite 
hemispheres. Newly formed iron crystals in 
one hemisphere would grow with age during 
transit across the inner core. The hemispheri- 
cal differences in seismic properties emerge 
from differences in average crystal sizes. 
Further insight into the properties of the inner 
core is provided by Deuss ef a/. on page 1018 
(6), who develop anew method for estimating 
hemispherical structure. 

Monnereau ef al. argue that lateral 
motion should be expected when the inner 
core is unstable to thermal convection. The 
argument runs as follows. Temperature per- 
turbations in one hemisphere alter the den- 
sity field and shift the center of mass of the 
inner core. The surface of the inner core is 
displaced through internal temperature and 
pressure gradients, causing departures from 
thermodynamic equilibrium. Melting and 
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solidification act to return the surface of the 
inner core to thermodynamic equilibrium, 
whereas a hydrostatic (mechanical) equilib- 
rium restores the boundary to its displaced 
position. Steady lateral motion develops as 


Propagation path 


East and west are not the same. Propagation of seismic waves 
reveals hemispheric differences in wave speed and attenuation in the 
outermost 100 km of the inner core (5, 7). Monnereau et al. propose 
an innovative explanation for this structure. Seismic anisotropy has 
also been reported for waves that travel deeper into the inner core. 
Advances in the analysis of normal mode observations by Deuss et al. 
provide new tools for probing the structure of the inner core. 


Observations and models are beginning to 
explain the bewildering properties of Earth's 
solid inner core. 


the center of mass settles into a statically 
displaced location. 

The authors do not attempt to quantify 
the rate of lateral motion on purely dynam- 
ical grounds. Instead, they constrain the 
motion with seismic observa- 
tions. Hemispherical differ- 
ences in seismic wave speed 
and attenuation have previ- 
ously been reported in the top 
100 km of the inner core (see 
the figure) (7, 8). Monnereau 
et al. show that variations in 
crystal size can explain these 
observations. To match the 
amplitude of the observed 
hemispherical variations, 
the lateral motion must be at 
least three times as large as 
the growth rate. If correct, 
this conclusion offers excit- 
ing opportunities to explore 
the processes that control the 
rate of lateral motion. 

Another surprising feature 
of the inner core is the pres- 
ence of seismic anisotropy, 
which causes wave speeds 
to depend on the direction of 
travel (see the figure) (9, /0). 
Seismic anisotropy is usu- 
ally attributed to preferential 
alignment of crystal lattices. 
Lateral motion of the inner 
core produces no deformation 
(and hence no crystal align- 
ment), so we must appeal to 
other mechanism to explain 
the presence of seismic 
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anisotropy. Circulating flow due to thermal 
convection is one possibility (//). Interest- 
ingly, the observed seismic anisotropy also 
exhibits hemispherical variations. The stron- 
gest anisotropy is observed in the Western 
Hemisphere, which coincides roughly with 
the region where Monnereau ef al. require 
melting. Lateral motion transports any exist- 
ing crystal texture from west to east, where 
little anisotropy is observed. The absence of 
anisotropy in the east requires some mecha- 
nism to erase the crystal texture that origi- 
nates in the west. There are several ways to 
accomplish this task (/2), but a resolution 
requires further investigation. 

One of the impediments to progress is 
a lack of observations. The inner core rep- 
resents only 0.7% of Earth’s volume, and 
the sampling provided by available seismic 
wave propagation paths is far from com- 
plete. Observations of normal modes (low- 
frequency oscillations of Earth as a whole) 
provide a complementary source of infor- 
mation, because the oscillation frequen- 
cies represent spatial averages of the elastic 
properties and density of Earth, including 
the inner core. However, conventional anal- 
ysis of normal-mode observations cannot 
recover hemispherical structure because of 


the nature of the averaging in this approach. 
These limitations can be overcome by 
accounting for the interaction of oscillations 
with nearby frequencies. 

Deuss et al. now show that the addi- 
tional work is worth the effort. A key step 
in their study lies in the choice of normal 
modes. The authors consider pairs of modes 
that have strong sensitivity to the inner 
core. One mode contributes to motion at 
the surface, whereas the other is typically 
confined to the inner core and would not be 
directly observed at the surface. In the pres- 
ence of hemispherical inner core structure, 
these two modes interfere, perturbing the 
frequency of the first mode. By measuring 
these perturbations, the authors retrieve the 
hemispherical structure of the inner core. 
The results provide evidence for strong 
anisotropy in the west and relatively little 
anisotropy in the east. In fact, the region of 
strong anisotropy appears to be confined in 
longitude to a region that is narrower than 
an entire hemisphere. The origin of this fea- 
ture is not known, but better observations, 
like those reported by Deuss ef al., are cru- 
cial to making progress. 

Earth’s solid inner core is an enigma. 
Expectations of a simple radial structure 
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have been replaced by hemispherical varia- 
tions and other surprising complications. 
These features probably reflect events and 
processes that have occurred over geologi- 
cal time. Our ability to read the geological 
history of the core will ultimately depend on 
better data and new ideas about the structure 
of this tiny iron-rich sphere at Earth’s center. 
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CELL SIGNALING 


Signaling Through Cooperation 


Emmanuel D. Levy,' Christian R. Landry,” Stephen W. Michnick' 


iving cells are complex systems 

that are constantly making deci- 

sions in response to internal or exter- 
nal signals. Among the most notable carri- 
ers of information are protein kinases and 
phosphatases, enzymes that receive inputs 
from cell surface or internal receptors and 
determine what actions should be taken in 
response, by phosphorylating or dephospho- 
rylating substrates. How are these enzymes 
organized in the cell to capture and relay 
information in coordinated responses to 
signals? On page 1043 of this issue, Breit- 
kreutz et al. (1) provide a key clue to this 
puzzle, describing how protein kinases and 
phosphatases in budding yeast are associ- 
ated with other proteins and, most notably, 
with each other. 
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The structure of the kinase and phos- 
phatase interaction network revealed by 
Breitkreutz et al. does not have the com- 
mand and control organization sugges- 
tive of textbook-depicted linear cascades. 
Indeed, the authors observed about ~30% 
more interactions among kinases than 
would be expected by chance, suggest- 
ing extensive cross-talk between signaling 
pathways. This observation is also consis- 
tent with several recent findings—for exam- 
ple, kinases are more highly phosphory- 
lated compared to other proteins, implying 
that kinases frequently target other kinases 
(2). Further, specific inhibition of a kinase 
results in extensive depletion (as expected) 
but also enrichment of phosphorylation of 
many proteins, suggesting substantial func- 
tional dependencies among kinases and 
phosphatases (3). Finally, kinases and phos- 
phatases have more genetic interactions 
with each other than with other proteins, 
also pointing to substantial collaboration 


Published by AAAS 


Protein kinases and phosphatases may form a 
collaborative network of interactions to mediate 
cellular responses. 


in the cell decision-making apparatus (4). 
Conceptually, the kinase-phosphatase 
interaction network described by Breit- 
kreutz et al. suggests a distributed organi- 
zation of information flow. Such a structure 
might confer robustness to the system in that 
contributions to decisions are distributed 
across many proteins. Observations from 
genetic experiments are in line with this 
view, whereby relative contributions of pro- 
teins to cellular processes follow a contin- 
uum. Surely canonical components usually 
have the largest contribution, but many other 
proteins often exert a large influence (5) (see 
the figure). Interestingly, the kinase-phos- 
phatase interaction network also resembles 
recent descriptions of transcriptional regula- 
tory networks, seen as a collaborative layer 
rich in interactions among transcription fac- 
tors (6, 7). Such a collaborative layer can be 
pictured as a table around which decision- 
makers debate a question and respond col- 
lectively to information put to them, akin to 
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a “democratic” network (6). The similarities 
between the kinase-phosphatase interac- 
tion and transcriptional regulatory networks 
could suggest evolutionary principles guid- 
ing the assembly of networks that organize 
information flow in cells. These networks 
have evolved from simpler ones and, to use 
the terms of the French biologist Jacques 
Monod, there might have been a great deal 


Intra- or extracellular 
environment change 


Signaling 
pathway 


v 


Response 


Network organization of cellular signaling. The kinase-phosphatase interaction network (B) revealed by 
Breitkreutz et al. contrasts with linear signaling cascades classically depicted in textbooks (A). The high degree of 
connections among kinases and phosphatases suggests a “board of directors” type of organization, whereby many 
proteins outside of the canonical pathway (in red) can influence its output. Such cooperative organization might 
allow the network to integrate several inputs and output complex responses. A certain degree of noise is expected to 


emanate from such a network. 


of “necessity” at play that shapes their struc- 
ture, but a lot of “chance” as well, the rel- 
ative contributions of which have yet to be 
quantified (8, 9). 

A side effect of the kinase-phosphatase 
interaction network collaborative structure is 
that it creates the conditions for indiscrim- 
inate chatter within and outside of the net- 
work, as seen for transcription factor-DNA 
binding networks (/0). This is especially true 
given that substrate specificity is particularly 
degenerate among kinases and phosphatases 
(8, 11). Importantly, this could result in noisy 
interactions and phosphorylation events, even 
if recognition of substrates is augmented by 
auxiliary subunits or binding domains (/2— 
14). Supporting this notion is the fact that 
phosphorylated sites (or “phosphosites”) of 
known function are more conserved than 
phosphosites of unknown function (8, /4). 
This leads to an estimated 50% or more of 


phosphosites detected in phosphoproteomic 
screens, and hence of kinase-substrate inter- 
actions, that have no or little functional rel- 
evance. Compensation of phosphorylated 
sites (e.g., loss of one phosphosite but gain 
of another nearby) could help explain their 
limited evolutionary conservation (3), but 
the extent to which this mechanism occurs 
remains controversial (/4). 


Intra- or extracellular 
environment change 


Main response 


The functional importance of phospho- 
sites and kinase-phosphatase interactions 
could be better assessed on the basis of stoi- 
chiometry of phosphorylation and of inter- 
actions, and as importantly, on the basis of 
their conservation. By analogy, transcrip- 
tion factors appear to discriminate between 
nonspecific versus specific functional bind- 
ing sites on the basis of their affinities; those 
sites with the highest affinity are likely those 
that are functional (/5, /6). Similarly, the 
most abundant phosphosite on a given pep- 
tide is frequently the most conserved phos- 
phosite on that peptide (/3). Data on abso- 
lute phosphorylation abundance and kinase- 
phosphatase interaction intensity are not 
yet available, but may reveal a trend anal- 
ogous to that seen for transcription factors. 
In this respect, the study by Breitkreutz et 
al. is an advance toward considering relative 
strengths and specificities of interactions. 
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Although the authors used standard affin- 
ity purification of “bait” proteins followed 
by mass spectrometry, they introduced 
important biochemical and computational 
twists. In particular, minimal washes of cap- 
tured protein complexes were conducted to 
increase the detection sensitivity of unsta- 
ble associations. In combination, they used 
a computational data-filtering scheme that 

enabled the differentiation of spe- 
cific versus indiscriminate bind- 
ing proteins on the basis of spectral 
counts. Such an approach might bet- 
ter reflect interactions that occur in 
the interior of cells, in that it relies 
more on the relative probabilities of 
interactions than on binary detection 
information under artificially strin- 
gent conditions. In parallel to such 


Integration novel data acquisition and filter- 
through ing approaches, careful analysis of 
signaling how and at what rates phosphosites 


and kinase-phosphatase interactions 
have evolved should prove an effi- 
cient way to distinguish true func- 
tional signal from evolutionary noise 
in signaling networks. 

Further progress in understand- 
ing signal transduction will require 
exploring the dynamic structure of 
kinase-phosphatase networks on both 
immediate and evolutionary time 
scales. This will require time-depen- 
dent experimental and computational 

reconstructions of local signaling net- 
works (5) and a better understanding 
of the role of chance and necessity in 
shaping these networks. 
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CHEMISTRY 


Following the Motions of Water 
Molecules in Aqueous Solutions 


James L. Skinner 


ater molecules in an aqueous 

solution constantly translate and 

rotate in an intricate and beautiful 
dance that underlies essential processes in 
areas ranging from biology to atmospheric 
chemistry. Recent experimental advances 
are letting us see some steps of this dance 
for water molecules interacting with simple 
molecules and ions. These studies are now 
possible because of the invention of infra- 
red lasers that fire pulses on ultrashort time 
scales. In this issue, two examples at the fore- 
front of this new field, involving the dynam- 
ics of water around anions and cations, are 
reported by Ji et al. on page 1003 (/) and 
Tielrooij et al. on page 1006 (2). 

The isolated water molecule is very well 
understood from experiments and quantum- 
mechanical calculations. However, when 
a large number of water molecules form a 
liquid, our understanding of its structure and 
dynamics is more limited (3). Indeed, liq- 
uid water has a number of unusual proper- 
ties (such as its high boiling point and den- 
sity maximum at 4°C), which are thought to 
arise from intermolecular hydrogen bonds. 
It is especially important to understand the 
properties of water around ionic or hydro- 
phobic solutes, which are also determined 
by hydrogen bonds (see the figure). 

The rotational and translational motion of 
water molecules in solution can control the 
rates of important chemical and biochemi- 
cal processes. These include chemical reac- 
tions on the surface of aqueous aerosol parti- 
cles in the atmosphere and electron-transfer 
reactions critical for respiration and photo- 
synthesis. Most of the experiments that have 
been used to measure the molecular dynam- 
ics of water involve the absorption or scat- 
tering of light with different wavelengths: 
radio waves in nuclear magnetic resonance 
studies, microwaves in dielectric relaxation, 
or infrared light in vibrational spectroscopy. 
Theoretical studies rely mainly on computer 
simulations in which the interactions among 
a collection of molecules are modeled with 
a potential energy function. The equations of 
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motion are integrated numerically, in effect 
creating a molecular movie. 

The advent of new experimental and 
computational techniques is providing excit- 
ing information about water dynamics (4— 
7). The latest experiments use “ultrashort” 
infrared pulses with durations on the order 
of 50 x 10°'’s, or 50 fs. Such short pulses are 
necessary to resolve the elementary dance 
steps mentioned above. In the case of water, 
the infrared frequency is typically tuned 
to excite stretching vibrations of the OH 
bonds. The vibrational frequency of the OH 
group shifts when the H atom changes its 
hydrogen-bond environment. Experiments 
can measure these time-dependent fluctua- 
tions in the vibrational frequency, which is a 
process called “spectral diffusion.” The rota- 
tional dynamics of the OH bond can also be 
measured by using polarized light. Recent 
computational advances include new ways 
to analyze molecular trajectories from com- 
puter simulation (8, 9) and new ways to cal- 
culate vibrational spectra (/0). Experiments 
and simulations for pure water have led to 
a detailed picture of “librational” motion 
(rotational motion that is hindered by hydro- 
gen bonds) at very short times (less than 
100 fs) (11), followed by rotational jumps 
and hydrogen bond making and breaking at 
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Ultrafast spectroscopy is revealing details of 
the rotational dynamics of water molecules in 
salt solutions. 


Aqueous solvation. A schematic 
picture of water molecules interact- 
ing with cations (blue) and anions 
(green). Experimental studies by Ji 
et al. and Tielrooij et al. are reveal- 
ing details of how water molecules 
rotate when ions are present and 
add to an emerging picture of water 
dynamics. 


longer times (on the order of 
2000 fs) (8). 

In their study of an aque- 
ous salt solution, sodium per- 
chlorate (NaClO,), Ji et al. 
exploited the distinct vibra- 
tional spectrum of water mol- 
ecules hydrogen-bonded to 
other water molecules ver- 
sus that of molecules hydro- 
gen-bonded to perchlorate 
anions. In their polarization- 
selective “two-dimensional” 
infrared experiments, an initial vibrational 
frequency is correlated with the frequency 
at a later time, which changes as the network 
of hydrogen bonds evolves. Ji et al. mea- 
sured both spectral diffusion and rotational 
dynamics to create a detailed picture of the 
hydrogen-bond exchange mechanism. They 
showed that it occurs by means of large, 
very fast angular jumps, in agreement with a 
recently proposed model (9). 

Tielrooij et al. studied a series of different 
ionic solutions with two techniques. Rota- 
tional dynamics were measured with polar- 
ization-resolved anisotropy decay, while low- 
frequency (terahertz) spectroscopy moni- 
tored intermolecular vibrations. For relatively 
dilute solutions, the effect of monovalent ions 
in water is very short ranged—only the water 
molecules next to the ion, that is, in its first 
solvation shell, are perturbed by the ion (6, 
12, 13). Tielrooij et al. found that for some 
solutions (particularly MgSO,, which has 
divalent ions), the ionic perturbations extend 
for several solvation shells. Thus, the effects 
of the cations and anions can be nonadditive, 
which causes the water reorientation to be 
slower and involve more molecules. 

These and related studies herald a new 
era in our understanding of solvation dynam- 
ics in aqueous solutions. We can now go on 
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to study solvation of important small mol- 
ecules (for example, the protein denaturant 
urea), and biomolecules such as peptides, 
proteins, nucleic acids, and membrane lip- 
ids, using similar techniques. The use of 
terahertz spectroscopy is particularly prom- 
ising because it provides direct measure- 
ments of the low-frequency translational 
and rotational motions that are occurring in 
thermal equilibrium at room temperature. 
Experiments, coupled with new theoretical 
and computational techniques, will surely 


shed new light on the critical problem of 
water dynamics around biomolecules and its 
effect on biomolecular function. 
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Weight Loss with Magnesium Alloys 


Tresa M. Pollock 


he compelling need for lightweight, 
| energy-efficient, environmentally 
benign engineering systems is driving 
the development ofa wide range of structural 
and functional materials for energy genera- 
tion, energy storage, propulsion, and trans- 
portation. These challenges motivate wider 
spread use of magnesium—the eighth most 
common element in the earth’s crust and 
also extractable from seawater. In addition, 
the ease of recycling, compared with poly- 
mers, makes magnesium alloys environmen- 
tally attractive. Importantly, with a density 
of 1.74 g/cm3—about 30% less than alumi- 
num, one-quarter that of steel, and nearly 
the same as many polymers—magnesium is 
attractive for lightweight structural systems 
and, most notably, automotive systems. A 
typical car weighing 1525 kg currently con- 
tains about 975 kg of steel, 127 kg of Al, 114 
kg of polymeric materials, and 5 to 6 kg of 
magnesium (/). It is estimated that 22.5 kg 
of mass reduction would improve fuel effi- 
ciency by around 1%; thus, automotive man- 
ufacturers worldwide have goals to increase 
the Mg content of automobiles to between 
45 and 160 kg (/, 2). 

Among the widely available metallic ele- 
ments that form the basis of engineering 
materials, magnesium is the most complex 
from the point of view of mechanical, chem- 
ical, and physical properties. Thus, its usage 
has been fairly limited (3). Interestingly, the 
current driving force for expanding use of 
Mg-based alloys occurs in an environment 
where the science of materials design and 
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processing can now address its complexities 
and offer up new possibilities. 
Load-bearing materials are often shaped 
by mechanical working processes such as 
rolling or extrusion that require high lev- 
els of stretching, that is, high ductility. This 
requires five independent modes of defor- 
mation at the atomic scale, accomplished by 
motion of dislocations. Unlike most engi- 
neering materials that have highly symmet- 
ric cubic crystal structures, Mg has a hex- 
agonal structure with only two independent 
“easy” modes of deformation. As a result, 
failure may occur before activation of other 
required deformation modes such as disloca- 
tion glide, twinning, or grain boundary slid- 
ing. The emerging consensus is that defor- 
mation modes are more easily activated in 


Getting in the mix. Structure of an as-solidified Mg-Al-Ca base alloy 
showing hexagonal Mg phase (imaged dark) with plate-shaped C36 Laves 
Mg,(ALCa) phase (imaged bright) that precipitates during cooling from 
above the melting point to 514°C. 


New design and processing approaches for 
magnesium-based alloys are offering a 
variety of opportunities in lightweight and 
energy-efficient applications. 


materials with micro- or nanoscale grains, 
resulting in high ductility (4). Numerical 
simulations of the straining processes at the 
grain scale give further insights on the con- 
ditions under which large plastic strains can 
be achieved (5). Several fine-grain process- 
ing approaches are evolving to respond to 
this opportunity (6—/3). 

Ultimately, in a comprehensive design 
process, it is desirable to jointly optimize 
processing, structure, and composition. It 
is rare than a metallic material has its most 
favorable properties in pure elemental form; 
most engineering alloys are multicompo- 
nent, with a mixture of up to 5 to 10 ele- 
ments. The higher-order elemental additions 
improve properties, typically by formation 
of additional beneficial phases within the 
material, each possessing 
a crystal structure distinct 
from the base element. 
Controlling the formation 
of these “extra” phases is 
extremely important for 
Mg alloys that are cast 
into their final shape. 
Rare earth elements such 
as yttrium, lanthanum, 
cerium, and neodymium 
can improve the struc- 
ture and properties of cast 
Mg alloys but substan- 
tially increase alloy cost. 
A recently discovered 
intermetallic C36 Laves- 
type phase forms during 
solidification as a result 
of additions of Al and Ca 
to magnesium (see the 
figure) (/4). The unusual 
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combination of mechanical and physical 
properties resulting from the low-cost Ca 
additions make the Mg-Al]-Ca alloys prom- 
ising for a variety of lightweight, high-tem- 
perature automotive powertrain components 
produced by die casting (/5). 

The optimization of multicomponent 
materials has largely been accomplished 
empirically, with the appreciable cost, time, 
and effort presenting a major barrier to use 
of new materials (/6). However, break- 
throughs in the understanding of the basic 
thermodynamics and kinetics of multicom- 
ponent metallic systems have led to more 
rapid design of new alloys with favorable 
compositions and mixtures of phases (/7). 
A new development in this design approach 
for Mg alloys is the direct input of first prin- 
ciples calculations to the design process. Ab 
initio codes have been used to predict lat- 
tice parameters, elastic properties, enthal- 
pies of formation, and the relative stabilities 
of the complex series of Laves phases that 
exist in quaternary and higher-order Mg- 
Al-Ca-X systems (18, 19). This informa- 
tion can be input to newly developed ther- 
modynamic databases (20) and can then be 
used to select compositions with desirable 
combinations of phases and corresponding 
thermal processing paths. The availability 
of high-fidelity modeling tools permits a 
greater compositional space to be explored, 
increasing the likelihood that new, optimal 
solutions are identified. 

Other unique properties of magnesium- 
based systems motivate new application 
realms. The electrochemical properties 
of Mg make it an interesting material for 
rechargeable batteries (2/), including all- 
liquid batteries for storage of solar energy. 
Corrosion, another electrochemical process, 
can be controlled in a manner such that Mg- 
based implants with controlled rates of bio- 
degradation are feasible (22). Good elec- 
tromagnetic and radio frequency shielding 
along with high specific strength make Mg 
attractive for cell phones, computer cases, 
cameras, and other communication devices 
(2). Unlike aluminum, magnesium alloys 
can be cast to sections as thin as 0.5 mm, 
providing further incentive for incorporation 
of Mg into lightweight mobile electronics. 

Will Mg alloys be considered with equal 
confidence in comparison with polymers 
and other metallic systems as solutions 
for energy and lightweight-materials chal- 
lenges? The answer is likely “yes,” partic- 
ularly if the rapidly evolving fundamen- 
tal understanding of the properties of this 
unique class of materials is captured in 
models that can be integrated and used for 
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the design of new materials and for predic- 
tion of their performance. 
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BIOCHEMISTRY 


Stochastic Emergence 


of Groupthink 


Arthur Prindle and Jeff Hasty 


Oscillations in the synthesis and release of a chemical signal synchronize the behavioral response 


of a cell population. 


scillations are found at nearly every 
level of biology. From the dynamic 
instability of cytoskeletal elements 
in an individual cell to the circadian rhythms 
that regulate a multitude of operations at the 
organismal level, it is clear that periodicity 
is an essential characteristic of living sys- 
tems. On page 1021 of this issue, Gregor et 
al. (1) describe how cell aggregation and 
development of the amoeba Dictyostelium 
discoideum is guided by emergent rhythmic 
behavior arising from the stochastic pulsing 
of individual cells with a chemical cue. By 
combining experimental and computational 
approaches, the authors present the exciting 
story of the dynamical onset of collective 
behavior in this organism. The findings raise 
the question of whether biology uses oscil- 
lations to solve problems typically assumed 
to have static or unidirectional solutions. 
D. discoideum is a “social” amoeba in 
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that it transitions from a collection of uni- 
cellular organisms to a multicellular slug 
and finally to a fruiting body during its life 
cycle (see the figure). Cell aggregation and 
the commitment to form a fruiting body are 
regulated through cell-to-cell signaling by 
the small molecule cyclic adenosine mono- 
phosphate (cAMP). With the rhythmic syn- 
thesis and release of the chemoattractant 
cAMP, D. discoideum coordinates its collec- 
tive behavior by aggregating to the region of 
highest cell density and initiating the forma- 
tion of a fruiting body only when sufficient 
accumulation of cAMP is achieved. Before 
this threshold is met, cells act independently 
and do not aggregate. This marked synchro- 
nization, called dynamical quorum sensing, 
occurs when individual oscillators are cou- 
pled through a common field, often compris- 
ing extracellular signaling molecules in bio- 
logical settings (2, 3). This highly dynamic 
process ensures that the cell population 
behaves efficiently and differentiates only 
when conditions are desirable. Whether this 
synchronized behavior is initiated and gov- 
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erned by the activities of a few specialized 
cells or is an emergent collective phenom- 
enon has been an open question. 

In the study by Gregor et al., individ- 
ual cells and populations were observed in 
a perfusion chamber to study their dynam- 
ics in a controlled environment. A fluores- 
cence resonance energy transfer (FRET)— 
based sensor monitored the amount of cyto- 
solic cAMP directly. The authors probed 
the behavior of the system under varying 
amounts of extracellular cAMP, measuring 
the oscillatory frequency of intracellular 
cAMP production by cells each time. It is 
this precise variation of parameters that per- 
mits the analysis of a complex system such 
as the D. discoideum collective. Gregor et al. 
found that intracellular oscillations in cAMP 


like this are sometimes called “theta models” 
because the state of the system is given by a 
periodic variable 0, often represented as an 
angle ona circle. Such models naturally lend 
themselves to cyclical processes and have 
been used to describe oscillations in a variety 
of engineering and biological contexts such 
as the synchronization of flashing in fire- 
flies. Upon coupling many of these single- 
cell models together computationally via the 
common field (CAMP), the behavior of the 
single-cell models began to synchronize and 
dynamical quorum sensing emerged. The 
population of single-cell models switched 
to a synchronized oscillatory state when a 
critical cell density was reached, as observed 
experimentally. They reproduced the experi- 
mentally measured relationship between cell 


Emergent phenomena. The social amoeba D. discoideum is a single-cell organism that, when collected 
together at sufficiently high density, exhibits emergence in its cellular aggregation (left). A common exam- 
ple of emergent phenomena in nature is the snowflake, where the macroscopic shape is dictated by the 
molecular geometry of the water molecule (right). 


concentration could occur even when the 
environmental concentration of cAMP was 
held constant and far above the saturation 
level of the cAMP receptors, demonstrat- 
ing that the origin of oscillations is internal 
to the cell and does not require extracellular 
cAMP to be periodically cleared. By driv- 
ing the internal cAMP oscillation system 
with periodic fluctuations in extracellular 
cAMP, the authors identified a single domi- 
nant frequency of internal cAMP oscillation 
above and below which the population-level 
oscillation diminished over time. This nat- 
ural frequency is determined by the intra- 
cellular oscillation machinery and provides 
an internal timekeeping mechanism. Future 
biochemical studies on the origin of oscil- 
lations may use this frequency as a starting 
point in thinking about the types of biologi- 
cal processes that match the time scale. 

In their computational modeling, Gregor 
et al. used a phase equation to describe the 
oscillatory state of a single cell. Equations 


density and frequency of collective cAMP 
oscillation only when the stochastic puls- 
ing of individual cells in response to low, 
subthreshold concentrations of extracellu- 
lar cAMP was included in the model. This 
is perhaps the most intriguing result because 
it confirms that random pulses of cAMP pro- 
duction at subthreshold levels of extracellu- 
lar cAMP can affect the collective interac- 
tions of individual cells and initiate rhythmic 
synthesis of cAMP across a population. That 
is, organized group behavior originates from 
random individual behavior. When the popu- 
lation is at very low density, individual cells 
are “excited” by external cAMP infrequently 
and randomly without regard for their neigh- 
boring cells. With each pulse of excitation 
by extracellular cAMP, cAMP is synthe- 
sized intracellularly and secreted, increasing 
the local probability of excitation and creat- 
ing chain reactions that produce patches of 
synchronized cAMP synthesis. These syn- 
chronized patches continue to excite nearby 


cells, producing a snowball effect. Multiple 
oscillatory patches can arise in this way, and 
a competition between them ensues. Those 
that produce more cAMP can “pulse” (syn- 
thesize cAMP) at higher frequencies, entrain- 
ing and attracting patches that pulse at lower 
frequencies. As each new patch is conquered, 
the size and oscillatory frequency of the vic- 
torious patch increases. A single dominant 
frequency is ultimately reached, coordinat- 
ing the behavior of the population. 

In addition to providing a beautiful 
description of collective behavior in D. dis- 
coideum, the work of Gregor et al. offers 
new insights into the underlying mecha- 
nisms of control in living systems. It pro- 
vides a detailed look at emergent biologi- 
cal phenomena—unpredictable, complex 
behaviors arising from a large number of 
relatively simple interactions. Although the 
mechanism of oscillation remains elusive, 
clues may be found in recent synthetic cir- 
cuits that produced similar emergent behav- 
ior (4). Using simple gene circuits, emergent 
oscillatory behavior was achieved by a pop- 
ulation of cells with a common extracellular 
signaling molecule, N-acyl homoserine lac- 
tone (AHL), which performs the dual roles 
of activating the genes necessary for intra- 
cellular oscillations of AHL and mediating 
the coupling between cells (4). It may be that 
cAMP acts similarly in D. discoideum. 

Cellular aggregation and differentiation 
are behaviors critical to the survival of an 
organism, and yet the work of Gregor et al. 
demonstrates that random, decentralized 
processes initiate them in D. discoideum. 
It may seem surprising that biology would 
take this approach rather than leaving this 
decision in the hands of specialized pace- 
maker cells with more elaborate timekeep- 
ing and nutrient-sensing mechanisms. Is 
such stochasticity merely limited to lower 
organisms, or might it be an underlying 
property that guides all of biology? If so, 
how can this be reconciled with the homeo- 
static picture we observe macroscopically? 
Contending with these questions may reveal 
new fundamental properties of living cells 
and their methods of control. 
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Primordial Gravitational 
Waves and Cosmology 


Lawrence M. Krauss,?* Scott Dodelson,”* Stephan Meyer 


3,4,5,6 


The observation of primordial gravitational waves could provide a new and unique window 

on the earliest moments in the history of the universe and on possible new physics at energies 
many orders of magnitude beyond those accessible at particle accelerators. Such waves 
might be detectable soon, in current or planned satellite experiments that will probe for 
characteristic imprints in the polarization of the cosmic microwave background, or later with 
direct space-based interferometers. A positive detection could provide definitive evidence 

for inflation in the early universe and would constrain new physics from the grand unification 


scale to the Planck scale. 


bservations made over the past decade 
() led to a standard model of cos- 
mology: A flat universe dominated by 
unknown forms of dark energy and dark matter. 
Although all available cosmological data are con- 
sistent with this model, the origin of neither the 
dark energy nor the dark matter is known. The 
resolution of these mysteries may require us to 
probe back to the earliest moments of the Big Bang 
expansion, but, before a period of about 380,000 
years, the universe was both hot and opaque to 
electromagnetic radiation. Thus, to probe back to 
earlier times we need to search for other obser- 
vables outside of the electromagnetic spectrum. 
Gravitational waves, predicted in general 
relativity, interact very weakly with matter, and 
therefore the universe has been transparent to 
them since shortly after the Big Bang. As a result, 
they provide a potentially new probe of early 
universe cosmology, that is, if we can detect 
them. Here, we review the most likely early uni- 
verse sources of a detectable gravitational wave 
background and also explore the most likely de- 
tection method, via a measurement of polariza- 
tion in the cosmic microwave background (CMB) 
radiation-remnant thermal radiation from the Big 
Bang, which has propagated unimpeded to our 
detectors since the time that the universe first be- 
came transparent to electromagnetic radiation. 


Primordial Gravitational Waves 


Just as in electromagnetism moving charges can 
generate electromagnetic waves, in general rel- 
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ativity moving masses can generate gravitational 
waves. Because of the weakness of gravity, astro- 
nomical amounts of matter must be moved around 
in order to generate waves on a scale that might 
actually be detectable. Direct detectors, such as 
the Laser Interferometer Gravitational-Wave Ob- 
servatory (LIGO) detector (/), are being designed 
to measure the local space-time distortion gen- 
erated by gravitational waves from astrophysical 
objects such as colliding neutron stars or black 
holes. 

However, there is another cosmological source 
of gravitational waves that can arise from the dy- 
namics of our expanding universe at very early 
times. Such a background will involve waves 
today whose wavelengths will extend all the way 
up to our present cosmological horizon (the dis- 
tance out to which we can currently observe in 
principle) and that are likely to be well beyond 
the reach of any direct detectors for the fore- 
seeable future. 

Primordial gravitational waves also leave in- 
direct signatures that might show up in CMB 
maps. Primordial mass and energy density fluc- 
tuations grow to produce cosmological structures 


Bs /\ 


and also create observable CMB temperature 
anisotropies. Primordial gravitational waves, on 
the other hand, produce not only temperature 
anisotropies but also a distinctive signal that can 
be detected with very sensitive measurements of 
the polarization of the CMB. Although temper- 
ature anisotropies have been observed, current 
experiments have only been able to put upper 
limits on polarization anisotropies that might re- 
sult from a gravitational wave background. 

However, there are reasons to believe that 
such a background exists and should be observ- 
able in the next generation of CMB polarization 
experiments. The observed pattern of temper- 
ature anisotropies, combined with that of in- 
homogeneities in matter on large scales, and 
measurements of the total energy density in the 
universe are in striking agreement with the sim- 
plest predictions of so-called inflationary models 
(2-5). 

Inflation suggests that, early in its history, the 
universe underwent a brief epoch of accelerated 
expansion during which small-scale fluctuations 
were stretched to superhorizon scales. The theory 
posits that quantum mechanical fluctuations in 
the fields that describe the matter content at early 
times seeded the structure in the universe, leading 
to two important signatures: (i) primordial an- 
isotropies imprinted in the CMB at a level of a 
few parts in a hundred thousand (Fig. 1) and 
(ii) an inhomogeneous matter distribution in the 
form of a cosmic web, as traced for example by 
the location of galaxies in the universe (Fig. 2). 

The inflationary paradigm is remarkably con- 
sistent with the detailed statistical features of both 
of these observed signatures, which can arise 
from scalar density perturbations generated during 
an early inflationary phase. But scalar density per- 
turbations are not the only perturbations that are 
generated. Gravitational waves are also produced 
[see supporting online material (SOM) for details]. 

When some background field gets stuck in a 
metastable state, energy gets stored in space, 


Fig. 1. Wilkinson Microwave Anisotropy Probe (WMAP) 7-year map of CMB temperature anisotropies 
across the sky, with galactic foregrounds removed. Color differences represent relative temperature 
anisotropies on the order of 10~° of the uniform background temperature. [Credit: WMAP Science Team] 
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Fig. 2. A map of the observed distribution of galaxies on large scales (from the Sloan Digital Sky Survey), illustrating vast structures separated by large voids. 
The standard cosmological model, built on inflation, explains the origin of the WMAP image in Fig. 1 and how it evolved into the present-day distribution of 
large-scale structure. 


acting like a cosmological constant and produc- 
ing a negative pressure and a positive energy 
density. Solving Einstein's equations in such a 
background results in an accelerated expansion 
that quickly becomes exponential. The appropri- 
ate metric for such a universe is the de Sitter 
metric. 

Ina de Sitter background, all massless or light 
quantum fields will fluctuate with a magnitude 
that is proportional to the only dimensional pa- 
rameter governing the expansion, the stored 
energy density, p, which by Einstein's equations 
is related to the square of the Hubble expansion 
parameter, H, at the time. This implies that fluc- 
tuating background gravitational waves, which in 
the quantum theory correspond to massless quan- 
tum fields, will also be generated. As inflation 
stretches distances, their wavelengths soon be- 
come much larger than the Hubble radius—they 
are driven outside the horizon—after which their 
amplitude remains fixed because no causal pro- 
cess can act over distances larger than the horizon. 

After inflation ends, these modes return inside 
the horizon as a stochastic background of gravi- 
tational waves with a power that is proportional 
to H’ (6-9). Clearly, the larger the energy scale at 
which inflation occurs, the larger will be the 
residual gravitational wave signal. This signal is 
thus determined solely by the energy scale at 
which inflation may have occurred. 


In the context of the CMB as we shall de- 
scribe, such modes can leave an imprint in the 
polarization of radiation. One can then compare 
the predicted polarization power spectrum to the 
power spectrum for direct observed temperature 
anisotropies in the CMB (SOM1). 

The quantity 7, defined as the ratio of these 
two power spectra (9), plays a definitive role in 
parameterizing the detectability of gravitational 
waves in CMB experiments. The next generation 
of detectors is being designed with the intention 
of reaching a sensitivity to r > 0.01. For the 
simplest models involving a single field, once r 
is measured, the energy density during inflation 
will also be determined; the two are related via 
V4 = 1.06 x 10! GeV (7/0.01)'*. Current limits 
of r < 0.3 already have severely constrained or 
ruled out a variety of single-field inflationary po- 
tentials and give hope that increasing the experi- 
mental sensitivity to r could yield a positive 
nonzero signature for gravitational waves in the 
near future. 

At the same time, there is an independent 
argument that suggests that one should be cau- 
tious before counting on such a possibility. Infla- 
tion requires an expansion factor of at least e°” 
in order to resolve all the cosmological puzzles 
that it was designed to resolve. One can ask what 
the total field excursion is during this period, and 
the larger the scale of inflation, the larger the 


magnitude of the inflaton field at the end of 
inflation. One finds, in fact, again for single-field 
inflation (9) that Ad/M,, > 1.06 x (7/0.01)'”, 
where M,, is the Planck mass. Field excursions 
larger than the Planck scale lead to territory 
where Planck-scale effects may be important, 
producing possibly large undetermined correc- 
tions to simple quantum field theoretic estimates. 
In fact, in many string theory models the value of 
the inflating field is associated with an excursion 
in an extra dimension, which is itself restricted to 
be Planck length in size so that it is impossible for 
the field to take values larger than the Planck 
scale, and therefore one would expect that r < 
0.01. More recently, it has been realized that 
string theory might allow for cases where r can 
exceed 0.01 (/0) so that distinguishing between 
small and large r would help define the symmetry 
structure of the theory. Thus 7 = 0.01 represents 
an important threshold. 

Because inflation produces gravitational waves 
on all scales, one would hope that other probes 
of gravitational waves with smaller wavelengths 
and higher frequencies might be useful. But once 
inside the horizon, gravitational waves redshift 
like radiation. During matter domination, the 
contribution to the total energy density in such 
modes falls by a factor identical to that of pho- 
tons, so that their contribution to the energy den- 
sity today will be suppressed. 
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Lastly, inflation is not the only mechanism 
that might produce a stochastic gravitational wave 
background. For example, a phase transition in 
the early universe could result in a background 
whose spectrum inside the horizon is remarkably 
similar to that from inflation (//). Detailed cal- 
culations suggest that the signal from such a 
transition can be enhanced (/2—/4) so that even 
transitions somewhat below the scale of inflation 
could produce a comparable signal. Various dif- 
ferent possible ways of distinguishing this signal 
have been suggested, including looking at the real 
space correlations of polarization (/5), exploring 
the three-point correlation function for polariza- 
tion (/6), and comparing a possible CMB gravi- 
tational wave signal with a future signal in direct 
detectors (/3). 


What Can We Learn from CMB Polarization? 


The greatest sensitivity to a primordial gravita- 
tional wave background comes from the de- 
tailed pattern of polarization in the CMB (/7—/9). 
Thomson scattering of an an- 
isotropic radiation background 
off of free electrons before the 
time of electron-proton recom- 
bination (when the universe was 
380,000 years old) produced a 
radiation field polarized at the 
10% level. Because polariza- 
tion is described at every position 
by an amplitude and an angle 
of orientation, the polarization 
field on the sky can be decom- 
posed into two modes, a curl-free 
E mode and a divergence-less 
B mode (Fig. 3). The B mode 
pattern cannot be produced by 
scalar perturbations; thus, its de- 
tection would be a signature of 
primordial gravitational waves. 

Although the £ modes are 
predominantly generated from 
scalar perturbations, they are 
nonetheless important to those 
who study inflation: They have 
been detected, and the observed 
pattern of E modes is in perfect 
agreement with the expecta- 
tions from inflation. Inflation 
predicts that the temporal phases 
of all perturbations were set 
early in the history of the uni- 
verse. This primordial coher- 
ence leaves its mark on the 
anisotropy pattern (20). Because polarization is 
produced by Compton scattering of anisotropic 
radiation off electrons, the spectrum of temper- 
ature anisotropies is predicted to be closely re- 
lated to the EZ mode spectrum. The £ modes reach 
their maximum and minimum amplitudes at 
precisely the same times as do the higher mo- 
ments (dipole and quadrupole) of the radiation 
field. In contrast, the temperature pattern that we 
observe is the monopole of the radiation field at 
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Fig. 3. Polarization can be decomposed into F and B modes. The 
former are radial or tangential with no preferred handedness, akin to 
an electric field. Like magnetic fields, B modes do have handedness; 
note that if reflected across a line going through the center the F 
patterns are unchanged, whereas the positive and negative B patterns 
get interchanged. This peculiar pattern can be produced only by 
gravitational waves, not by ordinary density perturbations. 


recombination. The continuity equation dictates 
that the monopole and dipole are out of phase 
with one another, so the E mode of polarization is 
90° out of phase with the acoustic pattern in the 
temperature spectrum (Fig. 4). This phase lag 
has been observed even on scales larger than one 
degree, which were not in causal contact when 
the universe was 380,000 years old. The phases 
were set up at very early times, long before 
recombination, just as predicted by inflation. 
The B modes are the next frontier. Although 
the amplitude of the signal is unknown, the shape 
of the spectrum is robustly predicted by theory 
(Fig. 4). To understand the shape, recall that the 
polarization signal is generated only during those 
times when electrons are not trapped in neutral 
hydrogen but are free to scatter off of radiation. 
However, if scattering is very efficient the re- 
sulting polarization signal will be very small. 
Imagine a free electron in the early universe. 
Scattering off of this electron will produce po- 
larization only if the observed incoming radiation 
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field is anisotropic. If scattering is very efficient, 
the mean free path of photons will be very small, 
and the last scattering surface that the electron 
observes will be very nearby. Thus, all incoming 
radiation will share the same temperature, and 
there will be no anisotropy from which to gen- 
erate polarization. Polarization then requires 
scattering but not rapid scattering. This set of 
requirements limits the epochs during which po- 
larization is generated to two: (i) when electrons 
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and protons are in the process of recombination at 
t = 380,000 years old and (ii) much later, when 
electrons are liberated from neutral hydrogen but 
the universe is so dilute that scattering is rare. The 
signals generated at these two times are imprinted 
onto the characteristic scales associated with 
each: the horizons dy(z = 1100) and dy(z = 10). 
We observe these at angular scales equal to 6 = 
dy/da(z), where da(z) is the angular diameter 
distance to redshift z. Hence, the predicted signal 
with bumps at angular scales of ~2° and ~5S0°. 

One complication that is also apparent in Fig. 
4 is the effect of gravitational lensing (2/, 22). 
Scalar perturbations produce only E modes at 
recombination, but the radiation from this last 
scattering surface travels through a clumpy uni- 
verse before it reaches us. The ensuing gravita- 
tional lensing generates B modes from the 
primordial E£ field. These become important on 
smaller scales than those on which the B humps 
appear, but they limit our ability to detect the 
higher B harmonics. Although techniques have 
been proposed to clean this E leakage, the most 
promising approach appears to be to measure the 
two peaks at ~2° and ~ 50°. 


Experimental Efforts, Present and Future 


The current generation of direct gravitational 
wave detectors, such as the LIGO detector (/), do 
not have sufficient sensitivity to probe for pos- 
sible primordial gravitational waves. Direct de- 
tection will require more sensitive space-based 
interferometers, with a further improvement of at 
least three to four orders of magnitude in sen- 
sitivity at the very least required. Because of the 
technological challenges and cost, such detectors 
are likely to take at least one or two decades to 
develop, and even then the likelihood of achiev- 
ing the necessary sensitivity is not yet clear. 
Rapid progress in the measurement of CMB 
temperature and polarization fluctuation spectra 
may allow the detection of primordial gravita- 
tional waves within the decade (SOM2). The 
experiments are carried out from ground-based 
observatories, high-altitude balloons, and satel- 
lites in space. Satellites operate for years, making 
sensitive, all-sky maps that are not contaminated 
by atmospheric emission and that can therefore 
measure large angular-scale fluctuations. Satellite 
telescopes are by necessity small and therefore 
have limited resolution, angles above 0.2°. As 
with satellites, balloon-borne experiments are 
free of most of the interfering emission from the 
atmosphere and have the additional advantage of 
a relatively short development cycle. New, sen- 
sitive, high—pixel count focal planes currently 
give balloon experiments the highest instanta- 
neous sensitivity, but flights are limited to a couple 
of weeks at the maximum. Ground-based experi- 
ments, on the other hand, can have large-diameter 
telescopes, making possible high angular resolu- 
tion. The telescopes can operate for many years 
and have readily accessible instrumentation. 
These experiments have evolved from a first de- 
tection of temperature anisotropy in 1992 to the 
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Fig. 4. Root mean square fluctuations in temperature (T) and po- 
larization (P) of the CMB predicted by inflation. The temperature 
spectrum has been measured with exquisite precision by dozens of 
experiments, culminating in WMAP, whereas there have been half a 
dozen detections of F modes. There are currently only upper limits 
on the amplitude of B modes. The top B mode curve represents the 
current upper limit, r = 0.3, and the bottom curve represents the 


value r = 0.01. 


detection of CMB polarization in 2002 to sen- 
sitive probes of B modes today, a gain in sen- 
sitivity of over 10° in just 17 years. 

Three elements combine to specify the overall 
power of experiments to probe the CMB inflation 
signal. The first is sensitivity. The CMB polar- 
ization signals are exceedingly weak, a few mil- 
lionths of a degree, but detectors must cope with 
thermal emission of the telescope and the envi- 
ronment. Only space instruments can be cold 
enough to avoid local emission. State-of-the-art 
detectors today are limited by the fundamental 
photon noise, and so the sensitivity of individual 
detectors cannot be improved much. However, 
large focal plane instruments with thousands of 
detectors in effect make many simultaneous mea- 
surements. Most of the improvement in instru- 
ment sensitivity over the past decade is the result 
of ever-increasing detector count and thus instru- 
ment complexity. Plans for ground-based and 
satellite instruments with tens of thousands of 
detectors are underway, and these will have the 
sensitivity needed to measure the two bumps in 
the B mode polarization in Fig. 4. 

The second element controlling the power of 
experiments is their ability to differentiate CMB 
structure from structure in foreground emission, 
particularly diffuse emission from our own Gal- 
axy. Unfortunately, we know very little about 
this emission and nearly nothing about its po- 
larization properties apart from the fact that it is 
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partially polarized. The maximum 
polarization signal consistent with 
what we know already is sub- 
dominant to galactic emission in 
all but a few places in the sky in 
a limited range of frequency. A 
high-fidelity map of pure primor- 
dial B mode polarization over a 
substantial area on the sky re- 
quires the ability to discriminate 
and remove the galactic signal. 
Removal can be done by observ- 
ing at multiple frequencies and 
noting that the galactic emission 
has a different spectrum or color 
than the CMB. Models of the 
foregrounds and the process of 
foreground removal leave reason 
for optimism about the prospects 
of making clean maps. However, 
knowledge of the real properties 
of the emission awaits the re- 
sults of the currently operating 
Planck satellite, and we currently 
do not really know how well we 
can remove foregrounds from 
CMB maps. 

The third experimental ele- 
ment is control of instrument sys- 
tematic uncertainties. The B mode 
signal constitutes a particular pattern of polariza- 
tion, but the sought-for strength is nine orders of 
magnitude weaker than the uniform glow of the 
CMB itself and three orders of magnitude weaker 
than the E mode polarization. A very subtle shift 
or rotation of a detector or a glint of radiation from 
out of the field could mimic a signal. The design 
of the instruments, the program of mapping and 
observation, and the experimental characterization 
and calibration will all need to be carried out with 
an unparalleled level of precision. 

The increase of the raw sensitivity of CMB 
experiments has been rapid and is the key factor 
leading to more powerful measurements. Al- 
though many current experiments are close to 
being limited by previously unanticipated sys- 
tematic effects, each generation has led to better 
instrument design and enhanced immunity to sys- 
tematic error. This iterative method is permitting 
rapid progress on all three elements limiting power 
of the measurement. 

The technology to build sufficiently sensitive 
experiments is in hand. Previous gains in sen- 
sitivity were the result of new detectors. Further 
improvement will come from increasing the num- 
ber of detectors. Currently experiments have 
1000. The next generation will have 10,000, 
and a proposed satellite has 50,000. The construc- 
tion of focal planes of this scale and sensitivity 
will require the sustained support of detector 
design, development, and testing (23). 


The Planck satellite (24), currently operating, 
will provide new data on polarization within the 
next 3 to 4 years and might even provide the first 
direct observation of B modes. Either way, the 
results from Planck will govern the ultimate de- 
sign of the next generation of dedicated CMB 
polarization experiments in space. From design 
to construction to launch and operation could 
take the better part of a decade. As we enter the 
second decade of the 21st century, we are thus 
poised to enter a new realm of precision cos- 
mology, one that could provide a dramatic new 
window on the early universe and the physical 
processes that governed its origin and evolution. 
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Adaptive Evolution 


of an sRNA That 


Controls Myxococcus Development 


Yuen-Tsu N. Yu, Xi Yuan, Gregory J. Velicer* 


oncoding small RNA (sRNA) molecules 
regulate gene expression networks in all do- 
mains of life (/, 2), but inferences regarding 
the roles of SRNAs in adaptive evolution have been 
indirect. Here, we show that a spontaneous adaptive 
mutation in the bactertum Myxococcus xanthus re- 
stored a defective social trait, multicellular fruiting 
body development, by deactivating a previously un- 
known sRNA, Pxr. We also show that Pxr acts as a 
pivotal regulatory checkpoint that blocks Myxococcus 
development until nutrients have been depleted. 
Upon starvation, M. xanthus cells aggregate, 
exchange multiple signals, and construct spore- 
bearing fruiting bodies (3). In a previous study, 
an M. xanthus cheater strain that is defective at 
development in clonal groups (OC, obligate cheater) 
evolved into a strain with restored developmental 
proficiency (PX, phoenix) (4). PX emerged after a 
cheater-induced population crash during a competi- 
tion experiment between OC and a developmentally 
proficient wild-type strain (4). Development was 
restored in PX by a single CA mutation in the 
intergenic region upstream of an acetyltransferase 
gene (Mxan_1079) (fig. S1A) (4). PX development 


does not require Mxan_1079, because disruption of 
this gene in strain PX (fig. S2, GJV204, and table 
S1) does not impair development. Changing the 
C—A mutation in GJV204 back to the wild-type 
allele (A—C) abolishes development (fig. S2, 
GJV205), indicating that the region between 
Mxan_1078 and Mxan_1079 encodes a genetic ele- 
ment, here designated px7, that controls development. 
The pxr region contains a putative o* pro- 
moter (fig. SIA) preceding a sequence that appears 
to encode a noncoding sRNA similar in structure to 
some Escherichia coli sRNAs (fig. S1B) (2). The 
only detected homolog of this sRNA gene was 
found in the myxobactertum Stigmatella aurantiaca 
(fig. S1B). Two pxr-specific sRNA forms, Pxr-L 
(long) and Pxr-S (short), are present in vegetative 
cells of the developmentally proficient wild-type 
strain GJV1 and the defective strain OC (GJV201) 
but are absent from pxr-deletion mutants of GJV1 
(GJV206, Fig. 1B) and OC (GJV207, fig. S1C). 
Deletion of pxr from OC restores development 
(Fig. 1A, GJV207). Subsequent ectopic expression 
of the wild-type pxr" allele in GIV207 suppressed 
development (Fig. 1A, GJV208), demonstrating 
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Fig. 1. (A) pxr negatively regulates . xanthus development. Images show population phenotypes during starvation. 
Darkened spots are fruiting bodies containing spores. (B) Temporal patterns of Pxr-L and Pxr-S production in OC and 
GJV1. V indicates vegetative cells, and the asterisk indicates non-Pxr RNA detected in GJV1 Apxr (GJV206). (C) Model 
of the Pxr developmental checkpoint in M. xanthus. Pxr-L and Pxr-S are both produced at high amounts during 
vegetative growth (black), and Pxr-S blocks development. Upon starvation (red), Pxr-S accumulation is eliminated, and 
development proceeds. RNase, ribonuclease. (D) pxr inhibits development in the presence of nutrients. The graph and 
images show spore production and developmental phenotypes, respectively, at different casitone concentrations. 
Arrows indicate zero spores at the limit of detection, and error bars represent 95% confidence intervals. 
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that Pxr negatively regulates this process. Ectopic 
expression of the pxr*™ allele in GIV207 (table S1) 
failed to block development (Fig. 1A, GJV209), 
indicating that the CA mutation in strain PX 
deactivates Pxr function, thereby allowing devel- 
opment to proceed. 

We compared the temporal patterns of Pxr 
accumulation during starvation in GJV1 and OC 
(Fig. 1B). Pxr-L is present at high amounts during 
vegetative growth and starvation in both GJV1 
and OC (Fig. 1B). In contrast, Pxr-S is present at 
high amounts in vegetative cells of both GJV1 and 
OC but is greatly diminished in GJV1 soon after 
the onset of starvation (Fig. 1B). This suggests that 
Pxr-S but not Pxr-L is the primary negative regu- 
lator of development when nutrients are abundant 
and that the rapid reduction of Pxr-S in GJV1 upon 
starvation allows development to proceed (Fig. 1C). 
Under this model, OC does not develop because it 
fails to sufficiently reduce Pxr-S. Indeed, Pxr-S re- 
mains present in OC through at least 23 hours of 
starvation (fig. S3A) but remains absent from GJV1 
(fig. S3B). Pxr-S may originate from processing of 
Pxr-L in a manner analogous to processing of 
eukaryotic microRNAs (/). 

The transition from vegetative growth to de- 
velopment is a critical juncture in the life history of 
fruiting myxobacteria (5). We tested whether pxr 
might govem this transition in. xanthus by deleting 
this gene from the wild-type GJV1 and comparing 
the developmental phenotypes of GJV1 and the re- 
sulting mutant (GJV206) at several nutrient (casitone) 
concentrations (Fig. 1D). GJV1 spore production 
drops precipitously with increasing casitone, and no 
spores or fruiting bodies were made at 0.3 to 0.5% 
casitone. In contrast, GJV206 formed fruiting bodies 
even at 0.5% casitone and produced nearly as many 
spores at high casitone concentrations as GJV1 does 
under complete starvation. These results show that 
pxr is a key developmental gatekeeper that blocks 
M. xanthus development when food is abundant. 
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A Catalog of Reference Genomes 
from the Human Microbiome 


The Human Microbiome Jumpstart Reference Strains Consortium*t 


The human microbiome refers to the community of microorganisms, including prokaryotes, viruses, 
and microbial eukaryotes, that populate the human body. The National Institutes of Health 
launched an initiative that focuses on describing the diversity of microbial species that are 
associated with health and disease. The first phase of this initiative includes the sequencing of 
hundreds of microbial reference genomes, coupled to metagenomic sequencing from multiple body 
sites. Here we present results from an initial reference genome sequencing of 178 microbial 
genomes. From 547,968 predicted polypeptides that correspond to the gene complement of 
these strains, previously unidentified (“novel”) polypeptides that had both unmasked sequence 
length greater than 100 amino acids and no BLASTP match to any nonreference entry in the 
nonredundant subset were defined. This analysis resulted in a set of 30,867 polypeptides, of which 
29,987 (~97%) were unique. In addition, this set of microbial genomes allows for ~40% of 
random sequences from the microbiome of the gastrointestinal tract to be associated with 
organisms based on the match criteria used. Insights into pan-genome analysis suggest that we 
are still far from saturating microbial species genetic data sets. In addition, the associated metrics 
and standards used by our group for quality assurance are presented. 


he human microbiome is the enormous 
| community of microorganisms occupying 
the habitats of the human body. Different 
microbial communities are found in each of the 
varied environments of human anatomy. The ag- 
gregate microbial gene tally surpasses that of the 
human genome by orders of magnitude. Under- 
standing the relationship of the microbial content 
to human health and disease is one of the primary 
goals of human microbiome studies. Determining 
the structure and function of any microbial com- 
munity requires a detailed definition of the ge- 
nomes that it encompasses and the prediction and 
annotation of their genes. 

In 2007, the National Institutes of Health 
(NIH) initiated the Human Microbiome Project 
(HMP) as one of its Roadmap initiatives (/) to 
provide resources and build the research infra- 
structure. One component of the HMP is the 
production of reference genome sequences for at 
least 900 bacteria from the human microbiome, 
which will catalog the microbial genome se- 
quences from the human body and aid researchers 
conducting human metagenomic sequencing in 
assigning species to sequences in their metage- 
nomic data sets. 

The HMP catalog of reference sequences 
is being produced by the NIH HMP Jumpstart 
Consortium of four genome centers: the Baylor 
College of Medicine Human Genome Sequencing 
Center, the Broad Institute, the J. Craig Venter 
Institute, and the Genome Center at Washington 
University. The challenges for the Jumpstart 
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Consortium include selecting strains to sequence 
and identifying sources, creating standards for 
sequencing and annotation to ensure consistency 
and quality, and the rapid release of information 
to the community. 

Reference genome progress. To date, 356 
genomes, including 117 genomes at various stages 
of upgrading, have been produced by the Jump- 
start Consortium and released into public data- 
bases. At the time of manuscript preparation, 178 
had been completely annotated and are presented 
in the analysis here. The process for the selection 
of these strains is described in (2). The strains se- 
quenced to date are distributed among body sites 
as follows: gastrointestinal tract (151), oral cavity 
(28), urogenital/vaginal tract (33), skin (18), and 
respiratory tract (8). They also include one isolate 
from blood (3). These are the five major body sites 
targeted by the HMP. 

The broad phylogenetic distribution of the 
sequenced strains is presented in Fig. 1, which 
represents a 16S ribosomal RNA (rRNA) overlay 
of HMP-sequenced genomes on 16S rRNA se- 
quences from cultured organisms with sequenced 
genomes (4). HMP-sequenced genomes repre- 
sent two kingdoms (Bacteria and Archaea), nine 
phyla, 18 classes, and 24 orders. Additional rRNA 
overlay figures broken down by individual body 
sites are available in (5). 

To obtain high-quality draft genomes and a 
meaningful gene list, minimum standards were 
defined for the assembly and annotation of draft 
genomes. Three reference bacterial genome as- 
semblies were evaluated for efficacy of gene 
predictions and genome completeness. Based 
on the analysis, metrics for assembly character- 
istics and annotation characteristics were de- 
fined [for more details, see (2)]. The quality of 


HMP genome assemblies is summarized in 
Table 1 and exceeds the Jumpstart Consortium 
standards described in (2), with the exception 
of some genomes produced before the standards 
were in place. 

Genome improvement. As described in (2), 
there are justifications for upgrading these high- 
quality draft assemblies. The Jumpstart Consor- 
tium has completed initial improvement work on 
26 bacterial genomes that differed significantly 
with respect to GC content and assembly metrics 
to explore the effort required and resulting bene- 
fits (Fig. 2). The average contig N50 increased 
3.63-fold, from 109 kb at draft to 396 kb after 
improvement. Bacteroides pectinophilus displays 
substantial improvement in N50, from 163 kb in 
the draft sequence to 862 kb after improvement. 
Lactobacillus reuteri illustrates the opposite ex- 
treme, with improvement leading to a smaller 
contig N50 change, 56 kb to 72 kb. As more 
genomes improve and some graduate to higher 
levels of improvement, the assembly state or 
group of states most useful to the HMP scien- 
tific goals will be evaluated. 

Pan-genome analysis. A bacterial species’ 
pan-genome can be described as the sum of 
the core genes shared among all sequenced mem- 
bers of the species and the dispensable genes, 
or those genes unique to one or more strains 
studied. To start addressing questions about 
pan-genomes, we identified all species within 
our sequenced reference genome catalog for 
which there was more than one sequenced and 
annotated genome. Of the nine species identi- 
fied, four of them have five or more annotated 
genomes that were generated either by the HMP 
or by external projects publicly available at the 
National Center for Biotechnology Information 
(NCBI); five genomes is the minimum number for 
which a curve can reliably be fit to pan-genome 
data. These are L. reuteri, Bifidobacterium longum, 
Enterococcus faecalis, and Staphylococcus aureus. 
The genomic data used for the analysis consisted 
of both complete and draft genomes, the only 
requirement being that >90% of the genome be 
represented in the available annotated contigs or 
scaffolds. 

Pan-genome curves (6) of the gastrointestinal 
tract isolates L. reuteri, B. longum, and E. faecalis 
(figs. S3 to S5) are consistent with an open pan- 
genome model, suggesting that more genome 
sequencing needs to be undertaken to character- 
ize the actual makeup of the species as a whole. 
Preliminary results suggest core genome sizes of 
approximately 1430 genes, 1800 genes, and 1600 
genes for B. longum, E. faecalis, and L. reuteri, 
respectively. Based on the current core gene plots, 
L. reuteri (fig. S3) appears to be approaching a 
closed pan-genome model, with newly se- 
quenced strains contributing very small numbers 
of new genes to the pan-genome; however, we 
see an interesting community substructure within 
this species. Our current L. reuteri pan-genome 
analysis of seven isolates suggests that four of the 
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seven currently sequenced isolates are very sim- 
ilar to one another, contributing zero to two new 
genes to the pan-genome. Two further strains are 
also similar to one another, each contributing an 
intermediate number of new genes (~15 to 30), 


whereas one outlier strain contributes a distinct 
set of genes (~330). These findings are consistent 
with the comparison of average nucleotide iden- 
tity with gene content discussed below for this 
species. It will be interesting to see whether ad- 
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ditional sequencing of this species identifies other 
subgroups in addition to the three identified here, 
or whether this sample set is in fact largely repre- 
sentative of the species. 

Similar findings for B. Jongum (fig. S4) sug- 


gest that four of the five currently sequenced 
genomes contribute approximately equally to the 
pan-genome (~50 to 150), with one outlier strain 
(ATCC 15697) contributing a much higher num- 
ber of previously unidentified (“novel”) genes 
(~640). These data are consistent with differences 
in gene count across these genomes. Each of the 
five currently sequenced genomes of E. faecalis 
(fig. S5) contributes approximately equivalent 
numbers of new genes to the pan-genome. Our 
current data sets for these two species are still too 
small to determine whether we can realistically 
achieve a closed pan-genome, with newly se- 
quenced isolates contributing on the order of 100 
new genes each. It is unrealistic at this point to 
extrapolate how many additional genomes would 
need to be sequenced to determine whether the 
number of new genes contributed by each new 
sequence continues to plateau around 100 new 
genes or approaches zero. 

S. aureus pan-genome plots (fig. S6), rep- 
resenting isolates collected from the skin, uro- 
genital tract, and mucus membranes of mammals 
(human and bovine), are consistent with a closed 
pan-genome model, as previously suggested (7), 
with an estimated core size of 2295 genes and an 
estimated pan-genome size of ~3200 genes. 

We performed a preliminary survey looking 
into the functions encoded by those genes that are 
unique to new gene data sets and not found in the 
core data set, based on gene product annotation 
and Enzyme Commission (EC) numbers, when 
available. These genomes underwent automated 
annotation only, with no manual curation, so any 
trends seen should be considered putative. Across 
all four species, the number of novel genes an- 
notated only as hypothetical or a conserved do- 


Fig. 1. Phylogenetic tree of 165 rDNA sequences. The tree was created using ~1500 165 rDNAs 
representing single species. Organisms sequenced as part of the HMP project are highlighted in blue. 
Additional coloring indicates separation by phylum: yellow, Actinobacteria; dark green, Bacteroidetes; 
light green, Cyanobacteria; red, Firmicutes; cyan, Fusobacteria; dark red, Planctomycetes; gray, Proteo- 
bacteria; magenta, Spirochaetes; light pink, TM7; tan, Tenericutes. The purpose of this analysis is not the 
details of the branching structure (which include minor known artifacts), but the overall distribution of the 
HMP strains (in blue) around the tree of life. 
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exclusion of contaminating sequence. Improved columns correspond to improved 
high-quality draft submission. None of the reference genomes has been improved 
beyond this grade at this point. n/a, not applicable. 


Table 1. Draft assembly metrics, organized by finishing status and based on current 
assignments. Draft corresponds to standard or high-quality draft sequences, with no 
additional automated or manual attempts to improve assembly, beyond ensuring 


Draft Improved 
Number of strains = 133 Number of strains = 45 
Passing 

Metric standard Pass % Mean Range Pass % Mean Range 
Percent of genome included in contigs* >90% 100% 98.23% 95.1-99.9% 100% 99.91% 98.6—-100% 
Percent of bases greater than 5x read coveraget >90% 99% 98.90% 80.8-100% 100% 99.35% 98.8-99.6% 
Contig N50 >5 kb 100% 102.61 kb 11.12-861.67 kb 100% 517.92 kb 58.03—3472.99 kb 
Contig N75 n/a 99% 54.82 kb 4.97-556.76 kb 100% 340.20 kb 30.56—2635.77 kb 
Contig N90 n/a 90% 25.54 kb 2.01—240.69 kb 100% 211.51 kb 14.96—-2635.77 kb 
Scaffold N50* >20 KB 100% 883.93 kb 50.56—-3356.77 kb 100% 606.77 kb 91.71-2898.42 kb 
Scaffold N75* n/a 100% 511.35 kb 24.31-3237.97 kb 100% 378.22 kb 52.32—2391.23 kb 
Scaffold N90* n/a 99% 282.14 kb 11.74-2490.47 kb 100% 226.24 kb 28.67—2391.23 kb 
Average contig length >5 kb 100% 31.52 kb 5.62—180.70 kb 100% 174.70 kb 23.26—-1321.04 kb 
Percent of core genes present in gene list >90% 99% 99.63% 86.4—100% 100% 99.90% 98.5—100% 


*Calculated only for strains with scaffold assemblies submitted to NCBI. The number of strains with scaffold assemblies, by grade: draft, 74; improved. 37. tPer-base coverage not available for all 
reads, for example, those with some draft level of sequencing before the Jumpstart initiative or strains where a combination of technologies was used. The number of strains with per-base read coverage: 
draft, 121; improved, 4. 
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main of unknown function ranged from 66 to 
73%, making up the bulk of the novel genes 
identified by the pan-genome analysis. Another 
predominant trend seen was unique family mem- 
bers corresponding to non-novel functions; for 
example, functions also identified in the core 
data set. 

There are a number of interesting categories 
of functions identified in novel gene sets that are 
unique to individual strains. These include acces- 
sory proteins involved in the activation of urease; 
a virulence factor found in microorganisms asso- 
ciated with gastric ulceration, among other human 
health concerns (8); phage morphogenesis and 
regulation proteins; and small numbers of en- 
zymes involved in the metabolism of sugars and 
amino acids. Further work is needed to clean up 
annotations and to provide more consistent EC 
number assignments in order to confirm and 
build on trends seen in this preliminary analysis. 
The HMP Data Analysis and Coordination Center 
(DACC) has been given the mandate of adding 
value and updating annotations, which will allow 
for the expansion of these analyses throughout 
this project. 

Measuring diversity within genera. The ge- 
nomic diversity among strains belonging to the 
same genus was explored by a measure of the 
evolutionary relatedness and gene content sim- 
ilarity in a pairwise fashion (Fig. 3). The average 
nucleotide identity (ANI) is a measure of evo- 
lutionary relatedness based on sequence similar- 
ity between the set of shared genes (9). The 
measure of gene content similarity between two 
strains can provide a sense of functional or eco- 
logical relatedness, and one might predict that 
strains with a lower gene content similarity are 
more likely to be found in different habitats. The 
three genera selected for this comparison all 
contain at least 16 strains and include Lacto- 
bacillus (36 strains; Fig. 3), Bifidobacterium (16 
strains; fig. S7), and Bacteroides (21 strains; 
fig. S8). Genomes contributed by the HMP as 
well as those available in public databases were 
included in this analysis. High intraspecies 
diversity was observed within genera in addi- 
tion to interspecies diversity. Within Lacto- 
bacillus, several species showed. significant 
diversity. For example, L. reuteri is represented 
by two main groups; one set (bottom left blue 
oval in Fig. 3) contains seven different strains. 
Among the strains within that group, the percent 
of ANI (%ANI) and percent of gene content are 
above 98 and 90%, respectively. In the second 
group (upper right blue oval in Fig. 3), the % 
ANI ranges between 96 and 93%, with a gene 
content similarity lower than 78%. Previously, a 
value of 95% ANI was shown to correspond 
with the recommended cutoff of 70% DNA-DNA 
reassociation for species delineation (/0). This 
indicates that the L. reuteri strains obtained within 
the framework of the HMP significantly in- 
creased the known genomic diversity of this 
named species, as was also demonstrated by the 
pan-genome analysis. Other strains showing 


large intraspecies diversity belong to L. johnsonii 
and L. gasseri. 

Among the strains of B. /Jongum (fig. S7), 
four (two of which were contributed by the 
HMP) have pairwise %ANI values at the higher 
end of the spectrum, ranging between 96 and 
98%, but with relatively low gene-content sim- 
ilarity (that is, below 82%), indicating a broad 
range in gene complements. One additional exist- 
ing strain (ATCC 15697) has a %ANI below 
95% and a gene content similarity below 65% 
and is therefore a clear evolutionary and ecolog- 
ical outlier. 

The analysis of Bacteroides genomes has 
revealed several close common ancestries. 
Bacteroides sp. D4 and 9_1_42FAA are closely 
related to Ba. dorei (ANI > 95%), but still have 
a significant gene content difference, lower than 
78% similarity. This suggests that the Bacteroides 
group may have many closely related, yet eco- 
logically distinct lineages. 

Novel genes. The 547,968 predicted poly- 
peptides corresponding to the entire annotated 
gene complement of these strains [of which 
516,631 (94%) were unique] were searched 
against the bacterial and viral divisions of NCBI’s 
nonredundant (nr) protein database using WU- 


BLASTP as described in (5). Each polypeptide 
was also compared to a merged database of 
TIGRFAM and Pfam hidden Markov models 
(HMMs) using version 2a of the HMMER3 pack- 
age. A set of candidate novel polypeptides was 
defined by selecting those that had both of the 
following conditions: (i) unmasked sequence 
length >100 amino acids and (ii) no BLASTP 
match to any nonreference entry in the nr subset. 
This analysis resulted in a set of 30,867 poly- 
peptides, 5.6% of the total, of which 29,987 
(~97%) were unique (2). Clustering this set with 
CD-HIT (//) resulted in 29,286 unique polypep- 
tides at 98% sequence identity (~5% reduction), 
28,857 polypeptides at 95% (~7% reduction), 
and 28,469 at 90% (~8% reduction). An alter- 
nate set of candidate novel polypeptides was 
also defined by modifying condition (i) above 
to filter on the number of bases not identified 
as low-complexity sequences by the SEG algo- 
rithm (/2) (that is, the sequence length after re- 
moving all SEG-masked bases). This alternate 
initial set contains 28,693 polypeptides. 

The above criteria were chosen by inspecting 
histograms of novel versus non-novel polypep- 
tide counts at various expectation (E)-value and 
sequence-length thresholds and selecting cutoffs 
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Fig. 2. Contig N50 comparison for 26 draft and improved genomes. High-quality draft contig N50 
bases are shown in magenta, and improved high-quality draft sequences are shown in green. These 
data represent the variety of approaches from the four data-generation centers. The majority of 
shotgun data was produced on the Roche-454 platform, although some assemblies include paired 
Sanger reads to improve contiguity. All draft assemblies are based on the Roche-Newbler 
assembler, although some of the improved assemblies are based on Parallel Contig Assembly 
Program (PCAP) (23) and the Celera Assembler (24) due to existing integration with finishing and 
improvement pipelines. Additional variation comes from the improvement approach. Directed 
Sanger reads from gap-spanning polymerase chain reaction amplicons served as the primary 
approach, whereas some assemblies have been subjected only to manipulation of the shotgun data, 
making unrealized joins, removing poor-quality data, and placing unincorporated shotgun reads. 
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that seemed likely to minimize the number of 
false positives while not excluding too many true 
positives. The distribution of novel versus non- 
novel polypeptide counts overlaps at all E-value 
thresholds, making it impossible to pick a cutoff 
that does not exclude any true positives. There- 
fore a relatively long (100 amino acids) length 
threshold was selected to try to minimize noise or 
false positives, at the possible cost of losing some 
real novel polypeptides. 

With ~1300 completely sequenced bacterial 
genomes in GenBank (/3), the observation that 
5% of the genes annotated in the HMP genomes 
satisfy criteria for novelty underscores the re- 
markable diversity of bacterial proteins. To assess 
whether there is enriched novelty in the HMP- 
targeted genomes as compared with previously 
sequenced prokaryotic genomes, we randomly 
selected 178 previously sequenced draft genomes 
from GenBank and ran the same analysis for 
comparison. This data set resulted in 747,522 
predicted polypeptides, of which 568,426 were 
unique. Of these, 14,269 polypeptides met our 
criteria for novelty, 1.9% of the total, of which 
14,064 were unique, 2.5% of the unique total. 
Clustering resulted in a 2% reduction at 98% and 
a 3% reduction at 90%, indicating that this data 
set does not contain as many highly similar pro- 
tein predictions as the HMP novel set does. This 
suggests that there is enrichment in novelty in the 
HMP data set of approximately 2:1 over the 
random data set. Whereas the human microbiome 
is generally thought to be less complex than that of 


Fig. 3. Interstrain diver- 
sity among Lactobacillus 
genomes. Each point rep- 
resents a whole-genome 
comparison between two 
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to a recommended cut- 
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soils and certain other environmental micro- 
biomes, it nevertheless clearly houses enormous 
microbial diversity yet to be described. 

Analysis of metagenomic shotgun data. 
Because the HMP reference genomes that were 
sequenced had been selected primarily because 
they were isolates from humans and had not been 
identified as strains seen in metagenomics studies, 
it was not known how much these genomes would 
help to identify metagenomic sequences that were 
obtained from human microbial communities. The 
most useful reference genomes should expand our 
ability to interpret metagenomic data. We also 
used the stringent fragment recruitment technique 
(/4) to compare metagenomic sequencing data to 
the reference genomes in nucleotide space (/5). 
The stringency of this approach generally limits the 
recruitment of metagenomic reads to organisms 
within the same genus, but it can resolve strain- 
specific differences. 

Publicly available metagenomic data sets 
from two human gastrointestinal studies were 
used in this analysis (16, 77), along with 454 
reads from a Washington University data set 
(which contributed the bulk of the 16.8 million 
reads that were tested). The reference genomes 
included 866 complete and 913 draft genomes 
available at NCBI, including the HMP reference 
genomes with sequence reads available at the 
time of analysis. In total, 62 HMP genomes 
showed significant levels of recruitment with 
11.3 million metagenomic reads recruited (66% 
of all reads). Of these, a significant 6.9 million 
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reads (41%) recruited best to the HMP reference 
genomes, based on the global percent identity 
(defined as the number of identities between read 
and reference, divided by the length of the read). 
A read is considered to be a best hit to a HMP 
genome if the best global percent identity in- 
cludes a match to an HMP genome. Many of 
these reads would not have been recruited if the 
HMP reference genomes were not available: 
Between 20 and 40% of the reads were recruited 
only because of the presence of the HMP genomes. 

These results show that a significant number 
of the genomes sequenced as part of the HMP 
project are directly adding to our understanding 
the human microbiome. These results also show 
that specific genomes are useful references across 
a wide range of individuals despite the strain- 
specific diversity noted above. Despite the large 
number of genomes available, a significant amount 
of the metagenome (33%) is still not well repre- 
sented by any reference genome. It is likely that 
the 900-genomes target of the HMP will reduce 
this number of unidentified reads further without 
redundancy in genome selection. It should be 
noted that this analysis focused on the gastro- 
intestinal tract, and it is likely that additional ge- 
nomes exist in other body sites; thus, the 
composition of the 900 genomes should address 
these organisms. 

Data release, future plans, and conclusions. 
The Jumpstart Centers have made substantial 
progress in generating a set of reference genomes 
that describe the human microbiome. We have 
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made every effort to ensure that all strains are 
available in public repositories and to release 
these genomes and their associated data, as- 
semblies, and annotations in accordance with 
NIH policy (/8). In addition, all data and standard 
operating procedures are available through the 
DACC (19), where we welcome community input 
and feedback. 

Human microbiome research groups from 
around the world have launched an International 
Human Microbiome Consortium (IHMC), which 
together will sequence more than 1000 human 
microbial bacterial reference genomes. These in- 
clude the 900 reference strains that are being 
sequenced by the HMP Jumpstart Centers, 100 
genomes sequenced as part of the European 
Union—funded MetaHIT project (20), and addi- 
tional genomes produced by international efforts. 
All of these strains appear on the DACC. Other 
strains are being sequenced as part of the De- 
partment of Energy Genomic Encyclopedia of 
Bacteria and Archaea (GEBA) (2/, 22) project. 

Nevertheless, the human microbiome is much 
more complex than this set of genomes and is 
likely to exceed it by orders of magnitude. In 
addition to the large number of cultured strains, 
many unculturable strains remain to be defined, 
and substantial intraspecies diversity still needs to 
be described. Thus, this initial effort is only a 
beginning, but it is valuable, and not only does 
it contribute to the catalog of reference strains, 
but it also builds infrastructure for strain selection 
and acquisition, develops methods for sequenc- 
ing unculturables, defines standards for the var- 
ious deliverables, provides online access to the 
large new data set, and addresses many other 
issues. 

The development of standards that will be 
applied to the 900 genomes that are being se- 
quenced. will provide a new and higher level of 
uniformity to microbial genome data. The Jump- 
start Consortium members are also in discussion 
with other consortia that are interested in standards 
to extend this uniformity beyond the HMP. 

This report and the initial stage of the HMP 
focus on bacteria, but this effort is currently being 
expanded to produce reference genomes for eu- 
karyotic microbes and viruses. These other com- 
ponents of the human microbiome have not been 
forgotten, but the initial focus on bacteria has 
allowed necessary infrastructure to be developed 
for the large task ahead, which can now be read- 
ily deployed for other organisms. It is our ulti- 
mate goal to sample the human microbiome as 
completely as possible. 
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Observation of Plasmarons in 
Quasi-Freestanding Doped Graphene 


Aaron Bostwick,* Florian Speck,” Thomas Seyller,2 Karsten Horn,> Marco Polini, ** 
Reza Asgari,°* Allan H. MacDonald,° Eli Rotenberg’ t 


A hallmark of graphene is its unusual conical band structure that leads to a zero-energy band 
gap at a single Dirac crossing point. By measuring the spectral function of charge carriers in 
quasi-freestanding graphene with angle-resolved photoemission spectroscopy, we showed that at 
finite doping, this well-known linear Dirac spectrum does not provide a full description of the 
charge-carrying excitations. We observed composite “plasmaron” particles, which are bound 
states of charge carriers with plasmons, the density oscillations of the graphene electron gas. 
The Dirac crossing point is resolved into three crossings: the first between pure charge bands, the 
second between pure plasmaron bands, and the third a ring-shaped crossing between charge 


and plasmaron bands. 


lectrons in metals and semiconductors 
undergo many complex interactions, and 
most theoretical treatments make use of the 
quasiparticle approximation, in which independent 
electrons are replaced by electron- and hole-like 
quasiparticles interacting through a dynamically 
screened Coulomb force. The details of the screen- 
ing are determined by the valence band structure, 
but the band energies are modified by the screened 
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Fig. 1. (A) The Dirac energy spectrum of graphene in a non-interacting, 
single-particle picture. (B and C) Experimental spectral functions of doped 
graphene perpendicular and parallel to the IK direction of the graphene 
Brillouin zone. The dashed lines are guides to the dispersion of the observed 
hole and plasmaron bands. The red lines are at k = O (the K point of the 


interactions. A complex self-energy function de- 
scribes the energy and lifetime renormalization of 
the band structure resulting from this interplay. 
Bohm and Pines (/) accounted for the short- 
range interactions between quasiparticles through 
the creation of a polarization cloud formed of vir- 
tual electron-hole pairs around each charge carrier, 
screening each from its neighbors. The long-range 
interactions manifest themselves through plasmons, 


which are collective charge density oscillations of 
the electron gas that can propagate through the me- 
dium with their own band-dispersion relation. These 
plasmons can in turn interact with the charges, 
leading to strong self-energy effects. Lundqvist 
predicted the presence of new composite particles 
called plasmarons, formed by the coupling of the 
elementary charges with plasmons (2). Their dis- 
tinct energy bands should be observable with the 
use of angle-resolved photoemission spectroscopy 
(ARPES), but so far have been observed only by 
optical (3, 4) and tunneling spectroscopies (5), 
which probe the altered density of states. 


‘advanced Light Source (ALS), E. O. Lawrence Berkeley 
Laboratory, MS6-2100, Berkeley, CA 94720, USA. “Lehrstuhl 
flir Technische Physik, Universitat Erlangen-Ntirnberg, Erwin- 
Rommel-Strasse 1, 91058 Erlangen, Germany. *Department of 
Molecular Physics, Fritz-Haber-Institut der Max-Planck-Gesellschaft, 
Faradayweg 4-6, 14195 Berlin, Germany. “National Enterprise 
for nanoScience and nanoTechnoloy, Istituto Nanoscienze— 
Consiglio Nazionale della Ricerche and Scuola Normale Super- 
iore, |-56126 Pisa, Italy. >School of Physics, Institute for Research 
in Fundamental Sciences, Tehran 19395-5531, Iran. SDepart- 
ment of Physics, University of Texas at Austin, 1 University Sta- 
tion C1600, Austin, TX 78712,USA. 


*These authors contributed equally to this work. 
tTo whom correspondence should be addressed. E-mail: 
erotenberg@lbl.gov 


graphene Brillouin zone). (D to G) Constant-energy cuts of the spectral 
function at different binding energies. (H) Schematic Dirac spectrum in the 
presence of interactions, showing a reconstructed Dirac crossing. The samples 
used for (B) to (G) were doped to n = 1.7 x 10°? cm™~. The scale bar in (C) 
defines the momentum length scale in (B) to (G). 
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Understanding the coupling between elec- 
trons and plasmons is important because of new 
“plasmonic” devices that have been proposed to 
merge photonics and electronics. Graphene in 
particular has been proposed as a promising can- 
didate for such devices (6, 7). Plasmarons have 
been predicted to occur in graphene and to be 
observable with ARPES (8, 9), yet their detailed 
dispersion and interaction with defects remain 
unknown. Here we present a systematic ARPES 
study of doped graphene, which reveals details of 
the plasmaronic band structure. 

In a noninteracting picture of graphene, the 
dispersion relation between the carriers’ energy @ 
and their momentum k is expressed by the equa- 
tion @, = vek, where vg is the Fermi velocity of 
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Fig. 2. (A) Comparison of plasmon dispersion function Q(q) (top) and bare hole 
and bare plasmaron quasiparticle dispersions (bottom). The red arrow defines the 
energy and momentum shifts between plasmaron and hole bands, ignoring hole- 
plasmon binding. (B) Predicted spectral function according to GoW-RPA theory. 


Fig. 3. The doping de- 
pendence of the graphene 
spectral function with en- 
ergy ® and momentum 
k scaled to (E; — Eo) and 
kr, respectively. (A to F) 
Bands along IK as a 
function of doping n. The 
dashed lines are a guide 
to the eye and are the 
same in each plot. The 
dotted lines represent 
the scaled phonon ener- 
gy scale Mpp. Values of 
Ey and rn are in units of 
electron volts and 107° 
cm“, respectively. (G 
and H) Constant-energy 
and momentum cuts 
through the center of 
the diamond at the Dirac 
region, acquired for 82 
different dopings, after 
scaling to ke and (Ep — 
E,). In all panels, the red 
lines represent k = 0. (I) 


the carriers and is the absolute magnitude of k 
(10). Here the subscript “b” reminds us that this is 
the “bare” dispersion. The bands cross at a single 
point in momentum space (A = 0), the so-called 
Dirac crossing energy Ep as shown in Fig. 1A. 
Because of the symmetry of graphene’s honeycomb 
lattice, the spectrum is gapless, and the funda- 
mental particles are effectively massless Dirac 
fermions. This gives rise to a chiral degree of free- 
dom represented by a pseudospin vector. 

We now show that in reality, the topology of 
the bands near the Dirac crossing differs sub- 
stantially from this well-known picture. Figure 1B 
shows the energy band structure of n-doped quasi- 
freestanding graphene, grown epitaxially on 
H-terminated SiC by a newly described method 
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(11, 12), chemically doped with potassium atoms 
(73), and measured with ARPES. Instead of a 
pair of bands crossing at the Dirac energy Ep, we 
find four bands, two of them highlighted by 
dashed lines (the other two are equivalent by re- 
flection across k = 0). The data reveal a rear- 
rangement of states around Ep from a single point 
crossing into a diamond-like shape, characterized 
by three energies Eo, £,, and E; at its apex, mid- 
dle, and bottom, and two momenta é,. defining its 
width. Acquiring the spectrum in a different ge- 
ometry we can determine the band structure pro- 
jected onto a single pseudospin orientation (/4, 75), 
as shown in Fig. 1C. This shows that the two 
highlighted bands have the same chirality. This is 
confirmed by examining constant-energy cuts of the 
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The yellow lines indicate the bare band structure in the absence of interactions. 
(C and D) Comparison of the predicted and experimental spectra along different 
cuts of constant momentum and energy, respectively. In (D), the experimental 
cuts have been averaged over all azimuths about k = 0. 
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The predicted variation of the horizontal and vertical dimensions 5k and SE of the diamond at Fp versus coupling constant ag. 


21 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 20, 2010 


spectral function (Fig. 1, D to G), which show two 
bands having identical intensity distributions about 
the center. The crossing of bands of opposite chi- 
rality implies the existence of two Dirac crossings 
at Eo and E> (Fig. 1, E and G) and a ring-like 
crossing at energy £}, which is resolved in Fig. 1F. 

These results show that the single-particle 
picture in Fig. 1A fails to account for the self- 
energy arising from interactions between a single 
charge carrier and the sea of electrons forming a 
gas in graphene. These data can be better ex- 
plained with a different model of the electronic 
structure, as illustrated in Fig. 1H. 

In photoemission, a soft x-ray photon pro- 
motes an electron from the occupied bands into a 
free state that is detected by an electron spec- 
trometer, leaving a hole behind. The renormal- 
ization of the photohole’s lifetime and mass alters 
the single-particle spectral function A(k,@) of the 
excited photohole measured by ARPES. Here k 
is the photohole momentum and @ < 0 its binding 
energy. The spectral function A4(k,@) is related to 
the complex self-energy X(k,o) and the bare 
band ,(k) through the equation 


m ||Imz(k,o)| 
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When the first term in the denominator is zero, a 
resonance is found in A(k,w) that reflects the 
existence of quasiparticles having a finite lifetime 
and an energy only slightly shifted from @,(k). The 
self-energy arising from short-range interactions 
(mediated by electron-hole pair generation) is typ- 
ically small in metals, and the lifetime decreases 
smoothly as the hole increases in energy, so that 
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the band dispersion is only slightly different from 
that of the bare band. 

In contrast, the full self-energy function X(k,@) 
can have a more complicated energy dependence, 
leading to multiple resonances at a given k. When 
this occurs, it signals the emergence of new 
charged entities that can propagate with well- 
defined momenta. In one-dimensional metals, for 
example, this can lead to the breakup of a hole 
into separately observable spin- and charge-carrying 
bands, through so-called spin-charge separation 
(16). For two or more dimensions, new compo- 
site particles such as polarons (hole + phonon) 
(/7) or Kondo resonances (localized hole + screen- 
ing cloud) (/8) may be observed. In like man- 
ner, for graphene, we attribute the lower band 
(toward greater binding energy) in Fig. 1 to a 
distinct quasiparticle reflecting the formation of 
plasmarons (2), which are composite particles 
consisting (at a particular momentum k) of holes 
with momentum k + q strongly coupled to plas- 
mons of momentum —q. 

This new plasmaronic quasiparticle appears 
at greater binding energy because of the extra 
energy cost of creating a plasmon with a hole, 
which then interact to form the plasmaron. Be- 
cause the bare plasmon and bare hole energies 
depend on momentum, this description suggests 
a broad distribution of states toward higher bind- 
ing energy, not a discrete quasiparticle. The sharp- 
ness of the plasmaronic quasiparticle arises for 
two reasons: first, because scattering a hole from 
a plasmon requires conservation of pseudospin as 
well as momentum, which favors k and q to be 
parallel. The excitation spectrum thus becomes 
effectively one-dimensional, strengthening the in- 
teractions. Second, only plasmons and holes with 
the same group velocity are likely to form plas- 
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Fig. 4. (A and B) Magnified view of the raw spectral function along the IK direction of the graphene 
Brillouin zone (top) and mirror-symmetrized (bottom) for two different dopings (n = 0.7 and 3.3 x 10° cm’, 
respectively). The dashed guide lines are the same in (A), (B), and (D). (C) Energy spectra at k = k_ for the same 
dopings, scaled to the height of the main peak in arbitrary units. (D) The band shift AF, which characterizes 
dispersion of the bands, is unaltered by defect scattering. 
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marons (19), further reducing the phase space for 
hole-plasmon interactions. 

The kinematics of the bare plasmaronic band 
formation—that is, the formation of the plasmon 
plus hole without considering their mutual bind- 
ing interaction—is shown in Fig. 2A. Comparing 
the plasmon dispersion function Q(qg) (9, 20, 2/) 
to the bare band structure w,(A), we see that al- 
though all holes have the same group velocity 
(given by the slope of the linear band), only one 
characteristic plasmon at a single momentum g* 
and energy (* (indicated by the red arrow) has the 
same group velocity as all of the holes and is there- 
fore favored to form the plasmaronic quasiparticle. 
Except near Ep, the bare plasmaronic band is offset 
from the bare hole band by approximately these 
momentum and energy transfers g* and energy 
Q*. Near Ep, the kinematic restrictions reduce the 
possible energies and momenta of the interacting 
plasmon, causing a merging of a much-dampened 
plasmaron toward the hole band as k — kp. 

This simple model qualitatively predicts the po- 
sition and shape of the bare plasmaronic band, but 
because it neglects the plasmon-hole binding, it un- 
derestimates the separation of the plasmaron and 
hole bands by almost a factor of 2. The actual shift 
is better represented by detailed calculations of the 
graphene spectral function (Eq. 1) within the GoW 
approximation (8, 9). This approach approximates 
the self-energy to lowest order by a renormalized 
Green’s function G in which the self-energy is ex- 
panded to first order in the dynamically screened 
Coulomb interaction W computed within the ran- 
dom phase approximation (RPA). An additional 
phenomenological self-energy arising from electron- 
phonon coupling is incorporated to account for 
the well-known band sharpening and kink near Eg — 
180 meV (/3). The computed spectral function is 
broadened to account for the instrumental reso- 
lutions (0.025 eV and 0.01A '). Figure 2B shows 
the resulting spectral function, which is in good 
qualitative agreement with the experimental data 
in Fig. 1, B and C. These calculations agree well 
with our observation that the single Dirac cross- 
ing at Ep (indicated by the yellow, bare bands) is 
reconstructed into a diamond-shaped feature with 
apex energy Eo ~ Ep. 

These calculations describe the spectral func- 
tion around the renormalized Dirac crossing quite 
well quantitatively, as determined by comparing 
experimental and theoretical cuts of the spectral 
function (Fig. 2, C and D) along the energy and 
momentum directions. The intensity of the 
plasmaron band in the experimental data is com- 
parable to the theoretical prediction, demonstrat- 
ing that neither the defect scattering rate nor the 
symmetry-breaking potential induced by the sub- 
strate introduce important energy scales. Both 
of these effects have been predicted to quickly 
dampen the plasmaron mode (8, 9, 22). 

The doping dependence of the spectral func- 
tion, presented in Fig. 3, confirms a key predic- 
tion of the GoW-RPA theory, namely that the 
spectral function should scale with the Fermi 
energy Ep (measured with respect to Ep) and the 
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Fermi momentum fp. This is a special conse- 
quence of the linear band structure of graphene 
and the Coulomb interaction and follows from 
the linear scaling of the RPA dielectric function 
(and therefore the plasmon dispersion) with Ey 
and ky. [The bare Dirac energy Ep is unknown, so 
we have equivalently used (Ey — Ep) to scale the 
data.] These data (Fig. 3, A to F) show that over 
nearly an order of magnitude variation of charge 
density, the renormalized bands have indistin- 
guishable shape. Furthermore, when cuts of the 
measured spectral function at E= E, and k=0 are 
plotted with the same scaling, the width k= |k,.— 
k \/kg = 0.38 and height d5£ = |E, — Eo|/|Ey — Eo| = 
0.48 of the diamond-shaped region are shown to 
be constants (Fig. 3, G and H) and can therefore 
be characterized by a single parameter as discussed 
below. Only at the lowest doping, where the fixed 
phonon energy scale (@,, ~ 180 meV) approaches 
(Ep — Eo) does any deviation appear, evidence of 
electron-plasmon-phonon mixing. 

The parameter that describes the interaction 
strength is the graphene effective coupling constant 
dg = /e hive ~ 2.2/e (10) (e, extrinsic dielectric 
constant; 4, Planck’s constant 4 divided by 2z). 
[Note that og, an intrinsic parameter of the electron- 
electron interactions within graphene, is to be dis- 
tinguished from the vacuum coupling constant o, = 
e/hc = 1/137 determined by optical studies of 
graphene that characterizes the free-space Cou- 
lomb interaction (23, 24).] The dielectric constant 
€ = (€, + €,)/2 is the average screening contribu- 
tion of any dielectrics above (€,) and below (€,) 
the graphene. A series of calculations was per- 
formed for different values of ag, and from these 
calculations (fig. S1), values for 6E and 5k versus 
Og were extracted (Fig. 31). Comparing to our 
measurements, we conclude that the best fit is for 
Og ~ 0.5. From this value, we determine the average 
screening € ~ 4.4, corresponding to substrate screen- 
ing contribution €, ~ 7.8 for graphene on H-SiC 
in vacuum. 

The impact of disorder on the plasmaron 
bands is revealed by the doping dependence of 
the spectral weight distribution. This is because 
the dopant ions themselves can act as weak scat- 
terers (13). Figure 4, A and B show magnified 
views of the Dirac crossing region for two dif- 
ferent dopings. We find that at low doping, the 
intensity of the plasmaron band is stronger than 
that of the main band, but at higher doping, the 
plasmaron band is reduced in strength, in accord 
with predictions (8, 9). This is evident in the 
images in Fig. 4 as well as in energy cuts taken at 
k=k_., at one side of the diamond region (Fig. 
4C) and at & = 0 (Fig. 3H). (This weakening of 
the plasmaron band is a characteristic of chemical 
doping and is not expected to appear in samples 
doped by applied gate voltage.) 

Although the plasmaron mode is dampened 
by defect scattering, the main band dispersion 
(indicated by the dashed lines in Fig. 4) remains 
unaltered. So we can expect that even with heavy 
damping of the plasmaron bands by disorder, the 
main bands will still be characterized by a kink in 


the Dirac crossing region. This kink reflects the 
offset AE ~ (E> — Eo) between upper and lower 
bands illustrated in Fig. 4D. 

In fact, such an energy shift AF is readily ob- 
served for ordinary epitaxial graphene samples (/3) 
prepared by annealing SiC(0001) surfaces in ultra- 
high vacuum (25) or in inert atmospheres at high 
temperature (26), although its interpretation in terms 
of electronic interactions has been controversial. 
Ordinary epitaxial graphene samples consist of 
two carbon layers: an insulating buffer layer that 
saturates the substrate’s Si dangling bonds and a 
second, decoupled layer that acts as single-layer 
graphene (27). Such samples have a high doping 
concentration (n = 1.1 x 10!? e/em’) caused by 
charge transfer from the substrate and also have 
weak satellite bands (/3) and rippling (28, 29) that 
arise from the mismatch between the graphene and 
substrate lattices. There is also a certain degree of 
disorder at the graphene-SiC interface (30) whose 
nature is not fully understood. 

Comparing the kink at Ep between ordinary 
graphene [see, for example, figure 1d of (/3)] and 
quasi-freestanding graphene in Fig. 4D, we find a 
qualitatively similar but smaller shift AF at a given 
doping level in the former. From the obvious re- 
duction of AE as ag — 0 (fig. S1), we conclude that 
the effective dielectric constant € was ~3 to 4 times 
larger in the previous samples than in the quasi- 
freestanding samples. (This indicates that the in- 
terfacial buffer layer and dangling bonds are quite 
polarizable.) For such high screening, the plasmaron 
band is not resolvable but appears only as a shoulder 
on the main band, and it is likely to be dampened by 
the disorder in those samples. 

The quantitative agreement between our mea- 
surements for quasi-freestanding samples and the 
theoretical model is satisfying, but we note some 
deviations between theory and data in Figs. 1 and 
2. At higher binding energies, the model predicts 
distinct electronic and plasmonic bands, but the 
experiment shows a merging or, as we suggest, a 
crossing of these bands. These deviations between 
theory and experiment cannot be explained by 
lattice effects (37) and instead hint at physics 
beyond that contained in the GpW-RPA theory. In 
this context, graphene can be a good platform for 
tests of such theories. 

For sufficiently high charge density [such that 
(Ep — Ep) > kgT] (kgZ, Boltzmann’s constant 
times temperature), the equilibrium transport prop- 
erties will be only modestly affected by the inter- 
actions we have seen. This is because transport 
involves carriers within kgT of kp, where the plas- 
maron mode merges to the main band while it is 
strongly dampened (although not completely sup- 
pressed). Nevertheless, our results do establish that 
the dynamics of a hot population of holes injected 
into n-type graphene (or similarly, electrons injected 
into p-type graphene) will be subject to the strong 
plasmon coupling we have observed. These dy- 
namics might be exploited in new devices (6, 7), 
such as terahertz amplifiers and plasmon lasing. 

In the low-doping limit [kg7 > (Er — Ep)], 
on the other hand, carriers on the Fermi energy 


scale are thermally excited and participate in 
transport (32). In this weakly doped regime, the 
RPA theory, which assumes that quasiparticle 
interactions are weak as compared to the Fermi 
energy, is least reliable. As we have shown, the 
Dirac crossing spectrum is reconstructed in a 
highly nontrivial way even when interactions are 
weak. Further exploration of this regime at higher 
temperatures or, equivalently provided that dis- 
order is weak, at lower densities, may reveal more 
surprises in the future. 
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Large Angular Jump Mechanism 
Observed for Hydrogen Bond Exchange 
in Aqueous Perchlorate Solution 


Minbiao Ji,”? Michael Odelius,? 


K. J. Gaffney** 


The mechanism for hydrogen bond (H-bond) switching in solution has remained subject to debate 
despite extensive experimental and theoretical studies. We have applied polarization-selective 
multidimensional vibrational spectroscopy to investigate the H-bond exchange mechanism in 
aqueous NaClO, solution. The results show that a water molecule shifts its donated H-bonds 
between water and perchlorate acceptors by means of large, prompt angular rotation. Using a 
jump-exchange kinetic model, we extracted an average jump angle of 49 + 4°, in qualitative 
agreement with the jump angle observed in molecular dynamics simulations of the same 


aqueous NaClO, solution. 


ydrogen bonds (H-bonds) provide the 
intermolecular adhesion that dictates the 
unique properties of liquid water and 
aqueous solutions. Although H-bonds constrain 
the local ordering and orientation of molecules 
in solution, these local H-bond networks dis- 
band and reform on the picosecond time scale. 
This structural lability critically influences chem- 
ical and biological transformations. Our under- 
standing of the dynamics of hydrogen bond 
dissociation and reformation has been trans- 
formed by the union of ultrafast vibrational spec- 
troscopy and molecular dynamics simulations 
(J-14), but the detailed mechanism for H-bond 
switching in aqueous solution remains uncertain. 
Recent simulation studies of water and aqueous 
ionic solutions have proposed that H-bond 
exchange involves large angular jumps of 60° to 
70° (1, 5). However, the substantial complexities 
inherent in simulating the structural and dynamical 
properties of water highlight the importance of 
validating this proposal experimentally. 
Two-dimensional infrared (2D-IR) spectros- 
copy provides an excellent opportunity to study 
this class of ultrafast chemical exchange (/5—/9). 
We applied a variation of this technique (Fig. 1) 
to directly investigate the orientational jump 
mechanism for H-bond switching in aqueous 
ionic solutions. The dissolution of NaClO, in 
isotopically mixed water generates two deuter- 
ated hydroxyl (OD) stretch frequencies: OD groups 
donating a H-bond to another water molecule 
(OD) absorb at 2534 cm ’, whereas OD groups 
donating a H-bond to a perchlorate anion (ODp) 
absorb at 2633 cm | (Fig. 1D). This spectroscopic 
distinction between the ODw and ODp provides 
the opportunity to track H-bond exchange by 
monitoring the growth in the cross-peak intensity 
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in the time-dependent 2D spectra (3, 4), as shown 
in Fig. 1. Recent studies by Moilanen et al. (3) 
and Park ef al. (4) have used this attribute of the 
water hydroxyl stretch to measure the H-bond 
exchange rate in aqueous NaBF, and NaClO, so- 
lutions. These experiments measured the exchange 
between water-water and water-anion H-bond con- 
figurations but did not directly address the hy- 
droxyl group reorientation associated with H-bond 
exchange. 

Two advances implemented in the present 
study have allowed us to extract the orientation- 
al jump angle associated with H-bond exchange. 
First, we have measured the laser polarization de- 
pendence of the 2D-IR spectra (20). Polarization- 
selective vibrational pump-probe measurements 
have been widely used to study the orientational 
dynamics of water molecules (6, 7), but these 
measurements cannot distinguish which water mol- 
ecules have exchanged their H-bonding config- 
uration. This can only be achieved by introducing 
an additional spectral dimension. Our work ex- 
tends previous polarization-selective 2D-IR studies 
of the relative orientation of coupled vibronic 
states (2/, 22); specifically, we address the time- 
dependent change in orientation of the vibration- 
ally excited hydroxyl groups induced by chemical 
exchange. The second advance is a modification 
of the kinetic model (23) used to interpret 2D-IR 
spectra, so as to include vibrational transition 
dipole moment jump-reorientation induced by 
chemical exchange. Previous data analysis as- 
sumed H-bond exchange did not induce jump- 
reorientation (3, 4). 

2D-IR spectroscopy monitors equilibrium H- 
bond switching dynamics on a picosecond time 
scale (15-19) by labeling molecules through 
resonant excitation at their OD stretch frequen- 
cies and then correlating these initial frequencies 
(@,) with the (potentially shifted) stretch frequen- 
cies (@») associated with these same molecules 
after an experimentally controlled waiting time 
(Ty). Thus, 2D-IR can determine when a vibra- 
tionally labeled ODw hydroxyl group converts to 
an OD> configuration during Ty. The cross-peak 
only reflects H-bond exchange events in which 
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the hydroxyl group switches between the ODw 
and OD» configurations. By adding polarization 
selectivity, we furthermore access the orienta- 
tional dynamics of water molecules that have 
switched between ODw and OD> configurations. 
In the polarization-selective 2D-IR measurement, 
the first two pulses that control the frequency 
labeling of OD stretches have parallel polar- 
izations that preferentially excite transition dipole 
moments parallel to the excitation polarization. 
During the 7y waiting time, the excited mole- 
cules randomize their orientation in addition to 
undergoing H-bond exchange between the OD 
and ODp configurations (Fig. 1A). If the H-bond 
exchange only minimally perturbs the orientation 
of the vibrationally excited hydroxyl group, then 
both the diagonal and the cross-peak intensities 
will exhibit similar polarization dependence. 
However, if the molecules exchange via large 
angular jumps, the cross-peak signal that results 
solely from ODyw-ODp exchanged populations 
will show distinctly different polarization depen- 
dence from the diagonal peaks (Fig. 1, B and C). 

Figure 2 shows the 7,,-dependent polarization- 
selective 2D-IR spectra for aqueous 6M NaClO,. 
The positive peaks shown in red along the diag- 
onal (@, = @,,) result from the fundamental 
vibrational transition (v = 0 — 1) within each 
H- pond, Conn euralios, We label the peak vol- 
umes i for the diagonal (i = /) and the off 
diagonal (i # 7) peaks: i and / refer to the H-bond 
configurations associated with @, and @,,, and / 
and m refer to the laser polarization. The cross- 
peak at (@,,0,,) = (2534,2633)cm~! results from 
ODw switching to ODp, 17”. Because this H-bond 
exchange occurs at equilibrium, the exchange pro- 
cess from ODp to ODw will also generate a cross- 
peak /\?"" at (@,,0) = (2633,2534) cm~! with 

ev) — = shat Experimentally, the v = 1—2 ex- 

cited state absorption of ae obscures this cross- 
peak (4), so we use the rw ses ) signal to characterize 
the jump angle. The vibrationally excited mole- 
cules that have switched between the ODp and 
ODw configurations project nearly equivalent sig- 
nal intensities for perpendicular and parallel po- 
larizations. As will be shown, this equivalence 
reflects the large angular jumps that lead to H- 
bond switching. 

Figure 3 further highlights the polarization- 
dependent population nmi by comparing the 
peak volumes for the isotropic (/{!) = =(O +4 219)) 
and anisotropic (, i) = = (9) — [@)) ‘signals fora 
diagonal- pee (ij = PP) and a cross- -peak (ij = 
WP). The I; (PP) onal reflects the population decay 
of the ODp configuration, whereas / sat) ) reflects 
population relaxation and orientational Eaton: 
ization of the ODp configuration. The J;,, ”) sig. 
nal rise time reflects the rate of H-bond switching, 
whereas the decay results primarily from ODp 
population relaxation. Unlike previous measure- 
ments of the H-bond switching time (3, 4), J, 1@ 
decouples the orientational dynamics from the H- 
bond configurational switching and so provides a 

(WP) 
superior measure of the exchange rate. The / 


Tiiso 


signal clearly shows the very small dependence of 
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the cross-peak intensity on the laser polarization. 
The method used to extract the peak volumes can 
be found elsewhere (3, 23). 

We modeled the polarization-selective 2D-IR 
spectra using diagrammatic perturbation theory 
and an angular jump-exchange kinetic model. 
This provides a framework for interpreting the 
time (7yy) and angle (Q) dependent excited state 
population N;( Ty), orientation, and spectral dif- 
fusion dynamics (20, 23, 24). The simplest variant 
of the angular jump-exchange kinetic model pre- 
sumes that an orientational jump through angle © 
accompanies H-bond exchange between the ODw 
and ODp configurations, whereas reorientation of 
hydroxyl groups occurs diffusively within a par- 
ticular H-bond configuration. The model requires 
the angular rate of change during an angle jump to 
be much larger than the angular rate of change 
induced by orientational diffusion. As will be dis- 
cussed, this requirement is consistent with our ex- 
perimental and simulation results. 

The angular jump-exchange kinetic model 
attributes the dynamics to (i) population decay 
with decay rates ky and kp, (ii) orientational 
diffusion with diffusion constants Dy and Dp, 
and (iii) chemical exchange with rate constants 
kyw.p and kp and a H-bond exchange jump 
angle ©. This model leads to ensemble-averaged 
populations as a function of Ty and laser po- 
larization. For the S.... and S., geometries, the 
polarization-dependent populations can be ex- 
pressed as in Eqs. 1 and 2. 


Lo) = (4% + 56%) 


Np(Tw) 
(nwo) © 
Gals ). = (AT — zor) 


1 ( Nw(0) 
x= 2 
3 ( Np(0) 2) 
A and B correspond to matrices that contain all 
the kinetic coefficients, as well as ©, 


Aa kw thw-e | ~ke-w 
kp + kp-w J? 


—kyw-p 
B- kw + kw-p + 6Dy —(P2(cosO) )kp_w 
kp + kp_w + 6Dp 


—(P2(cosO))kyy—p 
where P»(cos®) = (3cos*@ — 1)/2 and\...) cor- 
responds to an ensemble average. These equations 
reduce to the exchange kinetic model of Kwak et al. 
(23) when © = 0° and can be straightforwardly 
related to the theory of coupled vibrations de- 
veloped by Golonzka and Tokmakoff (2/). The 4 
matrix has no orientational dependence and con- 
tributes solely to 7) with dynamics determined 
by the excited state lifetime and the chemical 
exchange rate. The B matrix contributes solely to 
1? with dynamics determined by ©, Dy; and 
Dp. As shown in the supporting text, a large jump 
angle leads to a small (P2(cos@)) value and the 
very small cross-peak anisotropy measured 


Ox 


B Szz22 


2400 


2500 2600 
frequency (cm-) 


2700 


Fig. 1. Interpretation of polarization-selective 2D-IR signals. The H-bond configurations appear 
schematically, with the green spheres representing perchlorate ions. (A) Linearly polarized 
excitation pulses selectively label vibrational dipoles oriented parallel to the z direction, as 
shown in the diagonal regions of the 2D spectra. After a Ty waiting time, vibrationally labeled 
hydroxyl groups that have not changed H-bond configuration contribute to the diagonal 
component of the 2D-IR signal with minimal reorientation of the OD transition dipole. 
Vibrationally labeled hydroxyl groups that have undergone H-bond exchange generate cross-peak 
spectral intensity. If the exchange proceeds through large angular jumps, the hydroxyl groups 
associated with the cross-peaks will show markedly different polarization dependence than those 
resonating along the diagonal. This can be seen most clearly by comparing the ratio of cross- 
peak and diagonal-peak intensities generated with (B) all parallel laser polarizations (S,,.,, E7““, 
E?") and (C) cross-polarized laser pulses (Szyy, E;"E,""). (D) Fourier transform IR (FTIR) 
absorption spectrum for 6M NaClO, dissolved in HO containing 5% monodeuterated water. The 
lower frequency peak at 2534 cm“ corresponds to the OD stretch donating a H-bond to other 
water molecules (OD); the peak at 2633 cm™ corresponds to the OD stretch donating a H-bond 


to a perchlorate ion (ODp). 


experimentally. We have chosen to present the 
simplest variant of the jump-exchange kinetic 
model for conceptual clarity, but we have also 
investigated more sophisticated models. In the 
supporting text, we discuss three critical aspects 
of the model and demonstrate that the extracted 
© value is fundamentally insensitive to the 
distribution of jump angles, the time evolution 
of the jump angle, and the detailed dynamics of 
the orientational randomization for hydroxyl groups 
that remain in a given H-bond configuration. 

We used numerical response function calcu- 
lations based on the above model to analyze the 
experimental data. The calculated anisotropic spec- 
tra appear in Fig. 2D. We used standard methods 
to obtain starting values for the vibrational re- 
laxation, orientational diffusion, and frequency- 
frequency correlation function parameters (4, 23). 
The fitting of the polarization-selective 2D-IR spec- 
tra allow the extraction of the H-bond exchange rate 


ky-p and jump angle ©. The analysis uses global 
fitting of the polarization-selective 2D-IR spectra 
for Ty times of 0.2, 1, 2, 3, 4, 5, and 7 ps. Fitting 
results give © = 49 + 4°, (6Dy) | =5 + 0.5 ps, 
(6Dp) | = 4.6 + 0.5 ps, (kp-w)! =9+ 1 ps, 
(ky-p) | = 18 + 2 ps, and a total exchange rate 
of ter = (kp-w + kw-p) | = 6 + 1 ps, consist- 
ent with our previous result (4). We also fit the 
Tw-dependent [{and 1), peak volumes, as 
shown in Fig. 3. These fitting results agree with 
the response function global fitting, within exper- 
imental error. Within the angular jump-exchange 
kinetic model, only large values of ©, Dy, and Dp 
could lead to the very small anisotropy of the 
cross-peak sues but the anisotropy of the diag- 
onal peaks greatly constrains Dy and Dp. These 
constraints, as well as the high sensitivity of the 
cross-peak anisotropy to small changes in the jump 
angle around 49°, render the © value extracted 
from the measurements robust. 
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Fig. 2. Normalized polarization-selective 2D-IR spectra at Ty = 0.2, 3, and 7 ps. (A) Parallel 
polarization spectra (S,,,-), (B) perpendicular polarization spectra (S,,yy), and (C) anisotropic 
spectra, (Saniso = Szzzz — Szzyy)s Peak assignments can be found in the text. The cross-peaks show 
very little anisotropy compared with the diagonal peaks (C), clearly indicating that large-angle 
rotation of hydroxyl groups accompanies H-bond switching. (D) Calculated anisotropic spectra 


based on Eqs. 1 and 2. 
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Fig. 3. Logarithmic plot of the polarization-selective 


peak volumes for the isotropic, {@ = 12) + 21%), 


and anisotropic, /”), = 12, - 1%), signals for the 
ij = PP diagonal-peak and the ij = WP cross-peak. 
The solid lines give the kinetic model fit to the data 
with a H-bond exchange rate of 6 + 1 ps and a 


jump angle of 49 + 4°. 


We also performed Car-Parrinello molecule 
dynamics (CPMD) simulations (25) of aqueous 
6M NaClO, to complement our experimental 
studies (20). The CPMD methodology differs 
substantially from that used previously (/, 5, 14) 
to study H-bond switching, yet as shown in Fig. 
4, very similar angular jump dynamics emerge in 
the CPMD simulations of H-bond switching 
between ODp and ODy configurations (/, 5). 
Analysis of the mean trajectory indicates that the 
orientation changes on two time scales, with a 
40° jump occurring with a 50-fs time constant 


angle (degrees) 


Oe ald 
-0.6 -0.4 -0.2 0 


0.2 04 06 
time (ps) 


Fig. 4. CPMD simulation of the jump angle for 
H-bond exchange between the ODp and the ODw 
configurations for aqueous 6 M NaClO, solution. 
The data have been fit with a sum of two error 
functions (solid line). Results show the change in 
angle proceeding with two time constants, 50 fs 
for an initial 40° angular jump and 1 ps for a 
slower 27° angular rotation. 


and a 27° reorientation occurring with a 1-ps time 
constant. By simulating the same solution as that 
studied experimentally, we can make a direct 
comparison between experiment and simulation. 
The results of the simulation qualitatively agree 
with our experimental results, validating the 
angular jump mechanism for H-bond switching 
in aqueous NaClO, solutions. The time constant 
for the fast component resembles the period of a 
water librational motion, consistent with the 
assessment that the orientational jump reflects a 
primarily concerted rotational motion. The 1-ps 
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process occurs too slowly to be viewed as con- 
certed, but our experiment cannot accurately mea- 
sure the detailed time evolution of the angular 
jump because the cross-peak intensity grows in 
with t.. = 6 ps. Nonetheless, for Ty < 2 ps, the 
cross-peak shows a very small anisotropy (fig. 
S8), which has been accurately modeled with an 
impulsive angular jump and conforms to the 
predominantly subpicosecond angular dynamics 
observed in the simulation. Whether the lack of 
quantitative agreement between experiment and 
simulation reflects limitations in the CPMD sim- 
ulation or the modeling of the experimental data 
awaits further investigation. 
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Cooperativity in lon Hydration 


K. J. Tielrooij, N. Garcia-Araez, M. Bonn, H. J. Bakker* 


Despite prolonged scientific efforts to unravel the effects of ions on the structure and 

dynamics of water, many open questions remain, in particular concerning the spatial extent of 
this effect (i.e., the number of water molecules affected) and the origin of ion-specific effects. 

A combined terahertz and femtosecond infrared spectroscopic study of water dynamics around 
different ions (specifically magnesium, lithium, sodium, and cesium cations, as well as sulfate, 
chloride, iodide, and perchlorate anions) reveals that the effect of ions and counterions on 
water can be strongly interdependent and nonadditive, and in certain cases extends well beyond 
the first solvation shell of water molecules directly surrounding the ion. 


he properties of solutions of ions in water 
| are of relevance for a wide range of sys- 
tems, including biological environments 
(Z) and atmospheric aerosols (2). Even for simple 
binary solutions, the effect of ions on the struc- 
ture and dynamics of water has been the subject 
of ongoing debate (3-5). Key questions con- 
cerning ion effects on water pertain to the num- 
ber of water molecules affected and how the 
degrees of freedom of these water molecules are 
influenced. 

During the past decade, a variety of measure- 
ment techniques have provided evidence that 
ions primarily have an effect on the structure and 
dynamics of the first solvation shell of water 
molecules directly surrounding the ion. This evi- 
dence consists of structural measurements of ion 
hydration using neutron and x-ray diffraction 
(6, 7), x-ray absorption spectroscopy (8), and in- 
frared and Raman spectroscopy (9). Information 
on the effects of ions on water dynamics has been 
mainly obtained from femtosecond time-resolved 
infrared (fs-IR) vibrational spectroscopy (10-12) 
and optical Kerr-effect spectroscopy (/3). These 
reports support the notion that the effect of ions 
on water is largely limited to the first solvation 
shell. A different dynamical technique, dielectric 
relaxation (DR) spectroscopy, also showed that 
for many different cations and anions, the effect 
is limited to the first solvation shell (14-17). 
However, for certain ion combinations, an effect 
beyond the first solvation shell was observed 
(18-20). It is currently unclear what factors 
determine the degree of hydration and what 
constitutes the molecular-level structure and 
dynamics; a unifying molecular picture of ion 
hydration is lacking. 

Here, we studied the effect of ions on water 
by means of fs-IR spectroscopy and terahertz DR 
spectroscopy. It turns out that these techniques 
are uniquely complementary, in that they are 
sensitive to water reorientation dynamics along 
different molecular axes of water. Moreover, the 
ability to independently resolve water reorienta- 
tion along different directions helps to uncover 
previously unappreciated cooperativity between 
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hydrated cations and anions. We studied dissolved 
salts containing various combinations of ions that 
have different charge densities and water affin- 
ities. For specific combinations of cations and 
anions, we observed dynamic hydration effects 
that extend well beyond the first structural solv- 
ation shell. 

We first present the results of DR spectroscopy 
of five different dissolved salts (2/7). These mea- 
surements were performed by characterizing in 
time the propagation of a terahertz (THz) pulse 
with a duration of ~1 ps through the salt solution. In 
the inset of Fig. 1A, we show THz pulses as trans- 
mitted through solutions of Cs:SO, (0.5 mol/kg), 
MgSO, (0.5 mol/kg), and a reference solution of 
CsCl (/6). Generally, THz pulses are delayed as a 
result of refraction and experience a decrease in 
amplitude as a result of absorption. In water, a 
marked frequency dependence of refraction and 
absorption arises when the dipoles of water mole- 
cules fail to keep up reorienting with an exter- 
nally applied oscillating electric field. This is the 
DR process, which leads to a large absorption 
peak at 20 GHz and a smaller one around 0.6 THz, 
for pure water molecules at room temperature. 
These peaks are attributed to the collective re- 
orientation of water molecules (Debye relaxation 
time tp ~ 8 ps) and the reorientation of under- 
coordinated water molecules (relaxation time tT, ~ 
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Dielectric function ¢ 
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250 fs), respectively (22, 23). In Fig. 1A, we 
show the imaginary part of the extracted di- 
electric function €, which is associated with the 
absorption of electromagnetic radiation by water 
molecules. As a result of the interaction with 
solvated ions, the reorientation of water mole- 
cules around ions slows down, shifting the ab- 
sorption peak to lower frequencies and thereby 
reducing the absorption of radiation at THz fre- 
quencies (depolarization). 

It is typically found that the dynamics of 
water molecules in salt solutions are nonuniform 
and show two or more time scales. Previous di- 
electric relaxation studies found that a certain 
fraction of water molecules displays very slow 
reorientation dynamics, whereas for the remain- 
ing water molecules the orientational dynamics 
are similar to those of bulk liquid water (/4—20). 
Also, computer simulations found that a fraction 
of water remains unaffected by the presence of 
the ions (24, 25). In analyzing the THz DR data, 
we follow the literature by identifying two sub- 
ensembles of water molecules in ionic solution: 
those whose dynamics are predominantly un- 
affected by the presence of ions, and those whose 
dynamics are slowed down. Both sub-ensembles 
are characterized by a distribution of reorienta- 
tion time scales. 

In Fig. 1B, we show the concentration- 
dependent depolarization and corresponding slow 
water fraction. The hydration number N, is de- 
fined as the number of moles of slow water di- 
poles (p) per mole of dissolved salt and is directly 
proportional to the slopes of the lines in Fig. 1B 
(14-20). The hydration number N, is a dynam- 
ical property and is therefore distinct from the 
structural concept of solvation shells. Solvation 
shells are often defined in terms of the distance 
distribution of the water molecules from the cen- 
ter of the ion, but as such do not present infor- 
mation on the dynamics of the water molecules. 
It is typically found that ions with a larger charge 
density (small, multivalent ions) affect the dy- 
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Fig. 1. Results of DR spectroscopy. (A) The imaginary part of the dielectric function ¢ for solutions of CsCl, 
Cs2S0,, and MgSO, (all 0.5 moV/kg) and the corresponding transmitted THz pulses (inset). (B) De- 
polarization [corrected for kinetic depolarization due to conductivity (21)] and fraction of slow water as a 
function of concentration for the investigated salt solutions. The fraction of slow water is equal to the 
depolarization divided by the difference between the dielectric response of pure water at zero and infinite 
frequency, which equals 74 at 298 K. The lines are linear fits to the depolarization values (or slow fractions) 
and serve to distinguish the studied salts. Error bars represent the 95% confidence interval and are derived 
through error propagation of the experimental uncertainty in the dielectric function. *Data from (16). 
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namics of a larger number of water molecules 
(.e., have a higher hydration number) than ions 
with a lower charge density (large, monovalent 
ions) (6, 7, 14-16, 18—20). This is caused by the 
larger local electric field around small, multiva- 
lent ions, which affects the orientation of a larger 
number of surrounding water molecules. 

Our results for MgCl, LiCl, and CsCl are 
in good agreement with this general rule. For 
Mg(ClO,)2 we find N, = 6; because ClO, is a 
very weakly hydrated anion, the observed slowly 
reorienting water molecules are likely located in 
the first geometrically surrounding solvation 
shell of the Mg?* ion. In contrast, for Cs>SOxq, 
Np is only 1. Apparently, the water molecules in 
the solvation shell of Cs* show reorientational 
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dynamics similar to those of bulk liquid water 
(16), probably because the positive charge of the 
Cs" ion is distributed over a large volume: The 
slowly reorienting water can be attributed to a 
water molecule located within the solvation shell 
of strongly hydrated SO,” , presumably forming 
hydrogen bonds with both OH groups to two 
oxygen atoms of the SO,” ion. The low value of 
Np found for Cs,SO, indicates that the effect of 
anions on water reorientation is either negligible 
or not measurable by DR measurements. Sim- 
ilarly, a previous GHz DR measurement of the 
anions Br , IT, NO3 , ClO, , and SCN” found 
that the impact of these anions on water dynamics 
is remarkably small and remarkably similar, de- 
spite the different water affinities of these ions (/7). 


Anisotropy (norm.) 
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Fig. 2. Results of fs-IR spectroscopy. (A to C) The normalized decay of the anisotropy R(t) for Mg(ClO,)2 (A), 
Cs2S0, (B), and MgSO, (C) at concentrations of 0, 1, 1.5, and 2 mol/kg. We fit the anisotropy decay of all 
different salt solutions using double exponentials with floating amplitudes and fixed time scales: a time 
scale of 2.6 ps, as in bulk water (26), and a slow water time scale of 10 ps. (D) The fraction of slow water 
relative to bulk-like water. The lines are linear fits and serve as guides to the eye to distinguish the studied 
salts. The error bars are based on at least four measurement runs and represent the 95% confidence 


interval. 


Fig. 3. Semi-rigid hydration 
and cooperativity. (A and B) A 
water molecule in the solvation 
shell of a cation (A) and an 
anion (B). Dielectric relaxation 
measurements probe the re- 
orientation of the permanent 
dipole vector p. Femtosecond 
infrared spectroscopy is sensi- 
tive to the reorientation of the 
OD-stretch transition dipole 
moment p. The dotted arrows 
indicate reorientation in a cone, 
in the case of semi-rigid hydra- 
tion. (C) Proposed geometry, in 
which the water dynamics are 


locked in two directions because of the cooperative interaction with the cation and the anion. 
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We used fs-IR measurements (2/) to com- 
plement our DR measurements. The fs-IR tech- 
nique allows direct study of the reorientational 
dynamics of individual water molecules with high 
temporal resolution (~150 fs). In these experi- 
ments, we excite the OD-stretch vibration of a 
subset of HDO molecules in HO (4% D,O in 
H,0). Molecules with their OD group preferen- 
tially aligned along the polarization axis of the ex- 
citation (pump) pulse are most efficiently tagged. 
By using a second laser (probe) pulse to inter- 
rogate the number of tagged molecules parallel 
and perpendicular to the excitation axis, the ro- 
tation of tagged molecules can be followed in 
time. The anisotropy R(é) [corrected for heating 
due to the excitation according to (26)] as a func- 
tion of pump-probe delay time ¢ reflects the ori- 
entational dynamics of the probed water molecules. 
For bulk water, the decay time constant of R(A) 
is directly related to the Debye relaxation time tp, 
as measured by DR spectroscopy (27). Figure 2, 
A to C, shows the anisotropy decay for the dis- 
solved salts Mg(ClOy4)p, Cs2SOq, and MgsSO,, 
each for concentrations ranging from 0 to 2 mol/kg. 
A remarkable conclusion can be drawn from 
these three measurements: MgSO, shows a very 
large slow reorientation component, whereas Mg”* 
and SO,” individually, in combination with other 
ions (ClO, and Cs", respectively), do not. This 
shows that the effect of ions on water dynamics 
can be nonadditive (as discussed below). 

Before discussing the non-additivity, we fo- 
cus our attention on the observation that there is 
an apparent discrepancy between the DR mea- 
surements and the fs-IR measurements. For hy- 
drated cations, DR and fs-IR spectroscopies give 
different results: Mg”* and Li’ show large im- 
mobilized fractions when measured with DR, but 
the fs-IR measurements of Mg(ClOy) and Lil 
show complete reorientation, with a negligible 
slow fraction (Fig. 2D). These fractions have 
been obtained using a bimodal model, analogous 
to the DR measurements: The slow time constant 
and the associated fraction of hydration water are 
obtained from a double-exponential fit to the 
anisotropy decay, in which the fast time constant 
equals the reorientation time constant of 2.6 ps 
for bulk water. This fast time constant is deter- 
mined in an independent measurement performed 
in the absence of salt. The slow component 
represents a weighted average of water molecules 
that have in common that they reorient much more 
slowly than the water molecules in bulk liquid 
water. Note that the exchange of water molecules 
between the dynamic hydration shells and the bulk 
typically takes place on a time scale of tens to 
hundreds of picoseconds (28). This exchange time 
scale is much longer than the reorientation time of 
~2.6 ps of bulk liquid water. Hence, the reori- 
entation of the water molecules outside the dynamic 
hydration shells is well separated from the re- 
orientation dynamics of the water molecules in 
the dynamic hydration shells. In analogy to the 
DR measurements, the slow water fraction as mea- 
sured with fs-IR spectroscopy can be translated 
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into a hydration number N,,. This corresponds to 
the number of moles of slowly reorienting OH 
groups (with transition dipole moment 1) per 
mole of dissolved salt (keeping in mind that there 
are two OH groups per water molecule). 

The differences between the results of DR and 
fs-IR spectroscopies, in terms of their apparent 
sensitivity toward the dynamics of water hydrat- 
ing cations and anions, can be understood by 
noting the different vectors that the two measure- 
ment techniques probe: the permanent dipole 
moment of water molecules p in the case of DR 
spectroscopy, and the OD-stretch transition dipole 
moment pt in the case of fs-IR spectroscopy (Fig. 
3). The local electric field around the ions causes 
the dipole vector p of water molecules in the 
solvation shell of a cation to point radially away 
from the cation, whereas for an anion, one of the 
OH groups of a hydrogen-bonded water mole- 
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Fig. 4. Temperature dependence of the reorienta- 
tion. (A and B) Temperature-dependent anisotropy 
decay data for MgSO, (A) and Cs2SO, (B) with fits as 
explained in the text. (C) Average reorientation 
times of solutions of MgSO, (1.5 mol/kg), Cs2SO, 
(4 mol/kg), and neat HDO:H,0 [from (27)] as a 
function of temperature. 


cule linearly points toward the anion (9, 29). 
From Fig. 3, it is clear that there is rotational 
motion of water molecules in the cationic 
solvation shell, which does not lead to reorienta- 
tion of the vector p, but does result in random- 
ization of the transition dipole vector pw. For the 
case of anions, the reverse effect occurs: For 
water molecules in the anionic solvation shell, 
the motion of p is unrestricted within a cone with 
fixed axis p, where p is the OD bond that is 
hydrogen-bonded to the anion. Reorientation in a 
cone with a semi-cone angle between p and p of 
a. = 52° (half the HOD-bond angle) leads to a 
complete randomization of the vector whose 
motion is unrestricted within the cone (2/). This 
explains the insensitivity of DR spectroscopy 
toward anionic hydration and of fs-IR spectros- 
copy toward cationic hydration. For both cations 
and anions, these observations lead to a molec- 
ular picture of semi-rigid hydration (1.e., water 
molecules in ionic solvation shells that reorient in 
a propeller-like manner), giving rise to partial 
reorientation along a distinct axis. The molecular 
picture of semi-rigid hydration explains the ion 
effect on water molecules directly surrounding 
the ion. This picture holds for salts for which one 
of the counterions is weakly hydrated. However, 
when both ions are strongly hydrated, the effect 
on water dynamics can be much stronger and non- 
additive. The THz DR data show that Mg(ClO4)> 
has a hydration number N, = 6 and that Cs,SO4 
has a hydration number N, = 1; these values are 
associated with water molecules directly adjacent 
to the Mg”* ion and a water molecule hydrating 
the SO,” ion, respectively. For MgSOg, Np = 18, 
which is much larger than the sum of the hydra- 
tion numbers of Mg(ClO4)2 and Cs2SO, (Fig. 1). 
This means that the dynamics of a large number 
of water molecules are affected because of a co- 
operative effect of the cation and the anion. The 
size of most ions allows them to be structurally 
surrounded by four to six water molecules. Hence, 
a value of N, > 6 and N, > 12 implies that the 
effect of the ion on the orientational dynamics of 
water extends well beyond the first structurally 
surrounding shell of water molecules. 

The same cooperativity is observed in the 
fs-IR measurements (Fig. 2), where MgSO, has a 
much larger fraction of slowly reorienting water 
molecules (corresponding to a hydration number 
Ny = 32) than Mg(ClO4). and Cs2SO,4 (with 
hydration numbers N,, of 4 and 9, respectively). 
For MgSOug, there are about twice as many slowly 
rotating OH groups (N,) as slowly rotating di- 
poles (N,), which indicates that the same collec- 
tion of slow water molecules is observed by fs-IR 
and THz DR spectroscopies. Even the combina- 
tion of the moderately strongly hydrated cation Na* 
with the strong anion SO,” is observed to affect 
the dynamics of a large number of water mole- 
cules (Ny = 24; Fig. 2D). Thus, the effects of ions 
and counterions can be strongly interdependent 
and nonadditive. The key parameter determining 
how strongly ions affect water dynamics is thus 
the combination of the solvated cation and anion. 


It is clear that the effect of MgSO, and 
Na,SO, on water extends well beyond the first 
solvation shell of the ions and that the ions show 
strong cooperativity in affecting the dynamics of 
water molecules. Note that this effect is not 
related to ion pairing. Previous GHz DR studies 
by Buchner et al. showed the presence of a cer- 
tain amount of ion pairs for solutions of MgSO, 
and Na,SO, (/8, 20). Ion pairs lead to additional 
resonances at very low frequencies (<5 GHz), 
located well outside our THz DR measurement 
window (0.4 to 1.2 THz). For our fs-IR measure- 
ments we can also neglect the direct contribution 
of ion pairs to the anisotropy data, because this 
technique excites and probes specifically the hy- 
droxyl vibrations of water molecules. Hence, the 
slowing of the anisotropy decay for MgSO, and 
Na»SO, corresponds to the slow reorientation of 
water molecules, not the slow reorientation of ion 
pairs. A remaining question is whether the ob- 
served slow water molecules could be water that 
hydrates ion pairs. This is in fact very unlikely 
because the amount of ion pairing is generally 
small—less than 10% for MgSO,, even at high 
salt concentrations (/8}—whereas the observed 
cooperative effect leads to a slowing down of a 
large fraction of the water (up to 70% of all water 
molecules in the solution; see Fig. 2D). Hence, 
the slow water fraction is associated with hy- 
dration of nonpaired Mg”* and SO,” . 

The cooperativity in ion hydration can be 
explained by the fact that the cation and anion 
lock different degrees of freedom of the water 
molecules—that is, the direction of the bisectrix 
(p) and the direction of OH (1), respectively. The 
nearby presence of both ions can thus lead to a 
locking in both directions of the hydrogen-bond 
structure of several intervening water layers, 
giving rise to the observation by DR and fs-IR 
of slowed water molecules well beyond the first 
solvation shell. This cooperativity is schemati- 
cally illustrated in Fig. 3C. We expect the solv- 
ation structures to be quite directional between 
the ions; if an ion forms ~4 of these structures 
with surrounding counterions, the value of N, = 
18 implies that each of these structures consists, on 
average, of four or five water molecules. This 
interpretation also means that for solutions such 
as MgSO, and NazSOu,, the slowly reorienting 
water molecules are not arranged in a spherically 
symmetric way around the ions. 

The reorientation of water molecules in the 
rigid, locked hydrogen-bond structure occurring 
for MgSO, can be expected to show a temper- 
ature dependence different from that of pure 
liquid water. We measured the temperature de- 
pendence of the anisotropy decay for a MgSO, 
solution (1.5 mol/kg) over an interval of about 
50°C (Fig. 4A). We also compared the temper- 
ature dependence to that of a Cs,SO, solution 
(4 mol/kg) (Fig. 4B) with the same hydration 
level (Fig. 2D) but no cooperativity. At room 
temperature, the anisotropy for MgSO, decays 
more slowly than for Cs:SOq, but with increasing 
temperature the situation reverses. To quantify 
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the results, we fit the anisotropy data at different 
temperatures with a single averaged time scale 
for all water molecules in the system. This means 
that a change in this time scale represents both the 
change in time scales and change in the relative 
fractions of bulk-like and slow water molecules. 
Figure 4C shows a much stronger temperature 
dependence of this average time scale for a solu- 
tion of MgSO, (1.5 mol/kg) than for a solution of 
Cs2SOq (4 mol/kg). 

The difference in temperature dependence of 
the reorientation of MgSO, and Cs2SO, solutions 
indicates that the reorientation within the hydra- 
tion structures involves a different mechanism. 
For pure water, molecular dynamics simulations 
indicated that the reorientation of water follows a 
concerted mechanism and that the rate-limiting 
step for reorientation of a water molecule is the 
motion of a second water molecule in and out of 
the solvation shell of the first (30, 37). For the 
Cs,SO, solution, the hydration number N,, has a 
value of 9, which is likely associated with the OH 
groups of water molecules that are hydrogen- 
bonded to the SO, ion. In view of the small 
value of N,, these water molecules are sur- 
rounded by water molecules that show bulk-like 
dynamics. Hence, although the reorientation of 
the water molecules hydrating the SO,” is slow, 
the temperature dependence of this reorientation 
is similar to that of pure liquid water, because the 
reorientation is governed by hydrogen-bond in- 
teractions to water molecules that show bulk-like 
behavior. Correspondingly, the temperature de- 
pendence of the reorientation time of Cs.SOx is 
similar to that of bulk water. In contrast, for 
MgSO, the solvation structures are large, as 
expressed by the large values of the hydration 
numbers N, = 18 and N, = 32. Hence, the 
reorientation of a water molecule in the solvation 
structure relies on the motions of water molecules 
that are contained in the same solvation structure. 
These motions are substantially slowed down, and 
reorientation thus involves a collective reorganiza- 
tion of the extended solvation structure, which ex- 
plains the difference in temperature dependence 
with a solution of Cs,SO, and pure liquid water. 

Our results show that the hydration structure 
of a strongly hydrated ion depends critically on 
the nature of its counterion. If the counterion is 
weakly hydrated, the strongly hydrated ion is 
surrounded by a semi-rigid solvation shell, where 
reorientation is restricted only in a certain direc- 
tion but is still allowed in other directions. How- 
ever, if strongly hydrated cations and anions are 
combined, the dynamics of water molecules well 
beyond the first solvation layer are affected. In 
this case, the hydrogen-bond network is locked in 
multiple directions. These findings show that the 
effect of ions on water dynamics can be strongly 
interdependent and nonadditive. 
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Self-assembled nanostructures obtained from natural and synthetic amphiphiles serve as 

mimics of biological membranes and enable the delivery of drugs, proteins, genes, and imaging 
agents. Yet the precise molecular arrangements demanded by these functions are difficult to 
achieve. Libraries of amphiphilic Janus dendrimers, prepared by facile coupling of tailored 
hydrophilic and hydrophobic branched segments, have been screened by cryogenic transmission 
electron microscopy, revealing a rich palette of morphologies in water, including vesicles, denoted 
dendrimersomes, cubosomes, disks, tubular vesicles, and helical ribbons. Dendrimersomes marry 
the stability and mechanical strength obtainable from polymersomes with the biological function 
of stabilized phospholipid liposomes, plus superior uniformity of size, ease of formation, and 
chemical functionalization. This modular synthesis strategy provides access to systematic tuning 
of molecular structure and of self-assembled architecture. 


iological membranes are complex systems 
B assembled from phospholipids and stabi- 

lized by cholesterol, proteins, and carbohy- 
drates (/). They are equipped with nanoscale 
machinery that includes protein channels to 
mediate and control electron and proton transfer 
between the cell and its environment. Liposomes 
(2), vesicles assembled from natural or synthetic 
amphiphiles, can mimic biological membranes 


(1, 3-6), probe cell machinery (3, 6), and can be 
configured into biomimetic materials for nano- 
medicine and other applications (7—9). Designing 
vesicles endowed with specific functional features 
(including tunable mechanical strength, targeted 
size, uniform size distributions, and tailored 
transport properties) presents a formidable chal- 
lenge. Both synthetic (0-16) and natural (/6, 17) 
vesicles are typically polydisperse and unstable 
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over time, necessitating tedious fractionation 
(14-17) and stabilization (8, 9, 18-27), because 
specific applications are decided by these factors. 
Here we report the preparation of a broad class 
of synthetic amphiphiles known as Janus dendri- 
mers (22) and demonstrate facile self-assembly in 
water of stable bilayer vesicles referred to as 
dendrimersomes. Most of these dispersions con- 
tain populations of bilayer capsules remarkably 
uniform in size. We document superior mechan- 
ical properties and impermeability to encapsulated 
compounds. Dendrimersomes can also incorpo- 
rate pore-forming proteins, coassemble with 
structure-directing phospholipids and block co- 
polymers, and offer a molecular periphery 
suitable for further chemical functionalization. 
This report provides the first description of the 
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Fig. 1. Libraries of amphiphilic Janus dendrimers. 


1010 


Library 9 (10) 
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preparation, structure, and properties of dendri- 
mersomes (and other select complex dispersions) 
discovered by screening extensive libraries of 
Janus dendrimers prepared with exacting chem- 
ical fidelity. 

Dendrimers are technologically advanced 
synthetic compounds with monodisperse and pre- 
cisely branched molecular architectures (22-24). 
Many factors control the ultimate properties and 
applications of these fascinating materials, includ- 
ing the number of primary branches that emanate 
from a common linking point, the density of radial 
branches, and the distribution of chemical moieties 
located inside the molecular labyrinth or at the 
periphery of the molecule. A Janus dendrimer is 
formed by linking two chemically distinct den- 
dritic building blocks, thereby breaking the rough- 
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ly spherical symmetry that characterizes most 
dendrimers (22-24). When synthesized with 
judiciously tailored hydrophilic and hydrophobic 
elements, Janus dendrimers can function as pow- 
erful structure-directing amphiphiles, with greater 


Fig. 2. (A) Cryo-TEM of 
dendrimersomes from 
(3,4)12G1-PE-(3,5)-3EO- 
G1-(OCH3)4 in ultrapure 
water formed by ethanol 
injection and (B) their 
3D intensity profile. (C) 
Fluorescence microscopy 
image of a giant dendri- 
mersome assembled from 
(3,5)12G1-PE-(3,4)3EO- 
(OH),, encapsulating both 
hydrophobic Nile red and 
hydrophilic calcein dyes. 
(D) Microscopy image and 
(F) 3D intensity profile of 
giant dendrimersome from 
(3,4)12G1-PE-BMPA-G2- 
(Oh), visualized with Nile 
red. (E) Giant dendrimer- 
some from (3,4,5)12G1- 
PE-(3,4,5)3EO-G1-(OH), 
visualized with Nile red 


and calcein. (G) Micropipette aspiration assessment of mechanical strength by micro 
deformation under negative pressure of a (3,5)12G1-PE-BMPA-G2(OH)g giant 
dendrimersome. (H) The same dendrimersome under negative pressure showing small 
deformation of the membrane. White arrow indicates the deformation of the membrane 
under micropipette suction pressure. (I) Areal strain determined from micropipette 
aspiration upon rupture of the same dendrimersome (o,,). The asterisk indicates the point 


of membrane failure at the critical areal strain. 


Fig. 3. (A) Molecular model used for 
the self-assembly Janus dendrimer 
(3,5)12G1-PE-BMPA-(OH),. (B) Self- 
assembly of (3,5)12G1-PE-BMPA- 
(OH)4 using CG molecular dynamics. 
The CG interaction potentials were 
derived from fitting to an all-atoms 
simulation of dendrimer bilayer. Spon- 
taneous bilayer structure formation 
occurs on a multi-nanosecond time 
scale using a relatively small number 
of amphiphiles in the simulation box. 
The initial snapshot, showing isotropic 
mixing of dendrons at t = O ns, is 
shown here. (C) Snapshot of the sim- 
ulation at tf = 20 ns showing lamellar 
structure formation. (D) Complete sim- 
ulation showing spontaneous for- 
mation of bilayer at t = 40 ns. (E) 
Complete simulation showing spon- 
taneous vesicle formation at t = 80 
ns. (F) Cut-away view of (E), showing 


versatility than simple lipids, surfactants, or block 
copolymers. 

Screening libraries of compounds with sys- 
tematically varying molecular structure and 
supramolecular architecture represents one of 


0 0.005 


, 


. 
~~ 
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the most powerful contemporary methods for 
discovering new materials (25). In our experi- 
ment, 11 distinct libraries containing a total of 
107 uncharged or positively charged amphiphilic 
Janus dendrimers were synthesized and screened 


0.010 0.015 0.020 0.025 0.030 0.035 
Areal Strain (c) 


the hollow core of the vesicle. The solvent has been removed for visual clarity. Red, hydroxyl; black, hydrophobic fragment of 2,2-bis(hydroxymethyl) 
propionate; dark purple, ester; magenta, neopentyl fragment; gray, benzene ring fragment; brown, dioxybenzene ring fragment; green, alkane fragment; 


blue, terminal alkyl. 
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for supramolecular assembly in water. These 
Janus dendrimers (Fig. 1) were designed from 
AB; and constitutionally isomeric AB, building 
blocks, incorporating both hydrophilic and hy- 
drophobic segments that can be rapidly com- 
bined to produce diverse sets of exact and 
monodisperse structures (26). Janus dendrimers 
were prepared with a combination of convergent 
approaches for the hydrophobic parts, and 
divergent or convergent methods for the hydro- 
philic parts (schemes S1 to S16) (26). Two 
hydrophobic segments (one aliphatic and one 
mixed aliphatic-aromatic) and six hydrophilic 
segments derived from oligoethylene oxide, 
dimethylolpropionic acid, glycerol, thioglycerol, 
tert-butylcarbamate, and quaternary ammonium 
salts were combined to yield the portfolio of 
compounds illustrated in Fig. 1. This simple 
modular concept allows the fractions of the 
hydrophilic and hydrophobic portions of the 
molecule to be varied systematically. Such 
synthetic versatility and control over molecular 
architecture and functionality make Janus den- 
drimers competitive with traditional surfactants 
and diblock copolymers (9-17). 

All of the Janus dendrimers shown in Fig. 
1 can be dispersed by injection (/7) from dilute 
solution (typically 10 to 20 mg/mL in ethanol, 
but also tetrahydrofuran, acetone, or dimethyl 
sulfoxide) into water. The resulting particle dis- 
persions were characterized for basic morphology 
by cryogenic transmission electron microscopy 
(cryo-TEM) and sorted into two categories: (i) 
dendrimersome (vesicle)}—forming assemblies and 
(ii) more complex supramolecular assemblies. 
The wide spectrum of supramolecular architec- 
tures that we observed illustrates the unique self- 
assembly characteristics of Janus dendrimers. 

Figure 2, A and B, illustrates a cryo-TEM 
image of small spherical dendrimersomes derived 
from (3,4)12G1-PE-(3,5)-3EO-G1-(OCH3)4 
(library 2 in Fig. 1). Similar images were obtained 
from numerous other Janus dendrimers, each 
exhibiting a unilamellar domain boundary with 
bilayer thicknesses ranging from 5 to 8 nm (table 
S4). A notable feature of this picture is the narrow 
range of dendrimersome sizes. To more quanti- 
tatively establish the size, polydispersity, and 
stability of the dendrimersomes, we characterized 
aqueous dispersions by dynamic light scattering 
as a function of concentration, temperature, and 
time. A typical ethanol solution (10 mg/mL) 
injection into water (2 mL, final concentration = 
0.5 mg/mL) produced dendrimersomes with 
mean radii of 33 to 732 nm (figs. S15 to $21) 
and polydispersities (normalized second cumu- 
lants) mostly ranging from 0.02 to 0.20 (figs. S15 
to S21) with an upper limit of 0.53 (here, 0 cor- 
responds to a perfectly uniform size distribution). 
Some of these assemblies were stable for long 
periods of time at room temperature or even when 
annealed from 22° to 80°C (figs. S2 and S3). 
Dendrimersomes derived from library 1 showed a 
dependence of both size and polydispersity on the 
concentration in ethanol before injection (table 


S2), whereas those associated with libraries 
containing oligoethyleneoxide in the hydrophilic 
part of the molecule (for example, library 2) were 
quite insensitive to these parameters. 

Giant dendrimersomes, 2 to 50 um in di- 
ameter, were prepared by hydration experiments 
with ultrapure water or phosphate-buffered saline. 
Giant dendrimersomes provide access to mea- 
surements complimentary (27) to those performed 
by cryo-TEM on small dendrimersomes. These 
experiments are required to establish the mechan- 
ical integrity and permeability of the dendrimer- 
somes, as well as for comparison of these critical 


features with liposomes (26) and polymersomes 
(J0-13, 26). In a typical formulation, a 200-1L 
aliquot of Janus-dendrimer solution in methylene 
chloride (10 mg/mL) was uniformly deposited on 
the surface of a roughened Teflon (DuPont, 
Wilmington, DE) plate, placed in a vial, and then 
the solvent evaporated over the course of 12 hours. 
Addition of water and hydration at 60°C for 12 
hours results in the formation of giant unilamellar 
dendrimersomes. Addition of a molecular dye (for 
instance, calcein) or drug (e.g., doxorubicin) (7) 
during the hydration step permits encapsulation 
within the dendrimersomes during self-assembly. 


Fig. 4. Cryo-TEM and 3D intensity profiles of (A and D) polygonal dendrimersomes from (3,4)12G1-PE- 
(3,4)-3EO-G1-(OMe),. (B and E) Bicontinuous cubic particles co-existing with low concentration of 
spherical dendrimersomes from (3,5)12G1-PE-(3,4,5)-2EO-(OMe),. (C and F) Micelles from (3,4,5)12G1- 
PE-BMPA-G2-(OH)s. (G and J) Tubular dendrimersomes from (3,5)12G1-PE-(3,4,5)-3EO-(OMe),. (H and 
K) Rodlike, ribbon and helical micelles from tris12-PE-BMPA-G2-(OH)s. (I and L) Disklike micelles and 
toroids from (3,4,5)12G1-PE-(3,5)-3EO-(OMe),. 
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Visualization of both the wall and cavity of 
giant dendrimersomes was accomplished by 
fluorescence microscopy after encapsulation of 
hydrophobic (Nile red) and hydrophilic (calcein) 
dyes. We observed the hydrophobic dye to 
localize exclusively in the wall, whereas the 
hydrophilic dye was noted only in the aqueous 
interior (Fig. 2, C to F). Micromanipulation 
experiments with the use of an established 
micropipette aspiration technique (Fig. 2, G to 
I) (26) revealed robust mechanical stability: The 
areal expansion moduli can be tuned over a wide 
range, 42 < K, < 976 mN/m (table S5), with 
lipidlike critical areal strains, 0.03 < a, < 0.06 
(K,, areal expansion modulus; ©,, critical areal 
strain). The strongest dendrimersomes outperform 
unmodified liposomes by a wide margin (K, < 234 
mN/m) and are competitive with cholesterol- 
stabilized liposomes [K, = 781 and 1286 mN/m 
with 50 and 78% loading of cholesterol in 1- 
stearoyl-2-oleoyl phosphatidylcholine (SOPC), 
respectively] (26). Dendrimersomes are consid- 
erably stronger, although less compliant, than 
the toughest polymersomes (K, < 140 mN/m 
and a, = 0.19) (10). 

The thickness, impermeability, and mechan- 
ical properties of giant dendrimersomes indicate 
that they are excellent candidates for models of 
biological membranes (J, 3, 6, 13, 16, 18, 19, 27). 
A membrane thickness of 5 to 8 nm (table S4) 
should be ideal for incorporating pore-forming 
proteins, such as melittin (28). This has proven 
difficult to achieve with polymersomes (/3) due 
to greater membrane thicknesses (generally >8 nm). 
Melittin incorporation into dendrimersomes was 
investigated with Janus dendrimers from library 
1 and a phospholipid (SOPC) control liposome 
formed by standard film hydration (figs. S11 and 
S12). Dendrimersomes containing the fluores- 


cent dye 1-aminonaphthalene-3,6,8-trisulfonate 
(ANTS) and the quencher o,a’-dipyridinium p- 
xylene dibromide, which quenches ANTS fluo- 
rescence at high concentrations (26), were 
prepared by film-hydration experiments. After 
the addition of melittin, a dramatic increase in 
ANTS fluorescence was observed, which is 
associated with the release of the dye due to 
melittin-induced pore formation. Subsequent 
lysis of the vesicles with Triton-X revealed that 
60% of the dye was released after melittin 
incorporation (fig. S11). This experiment dem- 
onstrates that, although dendrimersomes have the 
stability and mechanical properties found with 
polymersomes, they simultaneously exhibit the 
structure and function of stabilized phospholipid 
liposomes. 

Dendrimersome stability with time was in- 
vestigated in biologically relevant media by the 
formation of membranes via ethanol injection 
into both citrate buffer and phosphate-buffered 
saline. Those from library 1 are stable in citrate 
buffer over a period of 2 weeks and in ultrapure 
water up to at least 244 days at room temperature 
(fig. S3). Dendrimersomes from library 2 exhibit 
excellent stability in both ultrapure water and 
citrate and phosphate buffers. Selected dendrimer- 
somes from libraries 1 and 2 were loaded with 
the anticancer drug doxorubicin (7, 8) by hydra- 
tion of Janus-dendrimer films. Negligible release 
was observed at physiological temperature and 
pH (~7.2 to 7.4), again demonstrating the 
impermeability of dendrimersomes (fig. S13). 
Predictably, under acidic conditions (pH ~ 5.2 to 
5.4), the aromatic-aliphatic ester groups of the 
dendrimersome cleave, resulting in release of the 
drug (fig. S13), thereby suggesting pathways to 
engineer these encapsulants for targeted intra- 
cellular drug delivery (8, 9). 


Fig. 5. Self-assembly of the Janus dendrimer (3,5)12G1-PE-BMPA-(OH), using CG molecular dynamics 
and a large number of dendrimers. (A) Spontaneous and persistent bicontinuous phase occurs within 
200 ns when modeled with a ratio of ~133 water molecules per Janus dendrimer. (B and C) Top view 
and side view, respectively, of a disklike micelle that assembles within 400 ns when the same dendrimer 
is modeled in a more dilute system having ~808 water molecules per dendrimer. The solvent has been 
removed for visual clarity. 
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Collectively, these results provide powerful 
evidence that Janus dendrimers produce bilayer 
vesicles with morphologies and properties 
competitive with the most advanced liposomes 
and polymersomes. Architecturally, this category 
of amphiphiles is qualitatively different than clas- 
sical lipids or block copolymers. Self-assembly 
of amphiphilic compounds is a complex subject 
that remains the target of extensive experimenta- 
tion and theory. Conceptually, diblock copoly- 
mers are most easily understood because the 
formation of bilayer vesicles, cylindrical micelles, 
and spherical micelles is rooted in statistically 
averaged properties (29). A specific morphology 
reflects the thermodynamically most stable inter- 
facial curvature, which is governed by a compe- 
tition between interfacial tension and the volume 
occupied by the hydrophobic and hydrophilic 
blocks. Interfacial packing can be crudely mod- 
eled with the use of simple geometric objects, 
such as wedges or cones, that account for mo- 
lecular space filling. This geometric approach also 
is widely applied to lipids and surfactants (30), 
which form predominately bilayer vesicles, spheri- 
cal micelles, and occasionally cylindrical micelles. 
Tinkering with the shape and size of a lipid or block 
copolymer influences the spontaneous curvature 
and, hence, the morphology. Unlike the uniformly 
sized dendrimersomes reported here, lipids and 
surfactants rarely produce low polydispersity 
vesicles, and diblock copolymers never do by 
simple injection (14, 15). Jung et al. (31) have 
reported that a large bending modulus and a 
spontaneous curvature are both required to obtain 
a population of uniform vesicles at equilibrium. 
This has been achieved only with certain surfactant 
mixtures. 

Controlled branching introduces a powerful new 
factor in the design of self-assembling amphiphiles. 
Hydrophobic and hydrophilic chemical function- 
ality can be precisely positioned within Janus den- 
drimers, resulting in unprecedented control over 
molecular shape and surface properties. These 
compounds contain a rich three-dimensional 
(3D) molecular structure that is manifested in 
the shape, size, strength, and chemical function- 
ality of the resulting assemblies. Selected Janus 
dendrimers tagged with Texas red dye on the 
periphery were shown to coassemble into fluo- 
rescent giant unilamellar dendrimersomes with 
unlabeled Janus dendrimers, block copolymers, 
and phospholipids (scheme S17 and figs. S7 to 
S10). This indicates the potential utility of tagged 
Janus dendrimers in theranostics for detection and 
treatment of diseases. 

Application of conventional geometric mod- 
els to the Janus dendrimers is unwarranted given 
the molecular complexity of these compounds. 
To gain insight into the self-assembly process, we 
have therefore employed computer simulations 
based on coarse-grained (CG) molecular dynamics 
(32). For example, this approach was applied to 
Janus dendrimers (3,5)12G1-PE-BMPA-G1-(OH)4 
and (3,5)12G1-PE-BMPA-G2-(OH)g known to 
form dendrimersomes on the basis of cryo-TEM. 
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CG interaction potentials were derived from fits to 
all-atom simulations of the Janus-dendrimer bi- 
layers. Figure 3 displays snapshots of the resulting 
self-assembly process, beginning with the dis- 
ordered state and culminating with the formation 
of a dendrimersome on a nanosecond time scale. 
These computer simulations therefore reinforce the 
interpretation of the experiments. 

Additional evidence supporting the conten- 
tion that Janus dendrimers are qualitatively dif- 
ferent than conventional surfactants and diblock 
copolymers may be found in other structures il- 
lustrated in cryo-TEM images derived from sev- 
eral compounds listed in Fig. 1. Figure 4 illustrates 
a collection of nanoscale morphologies selected 
from many that we have documented. Figure 4 
(along with Fig. 2A) illustrates sensitivity to 
systematic structural variations within library 2. 
Close inspection of Fig. 4A [(3,4)12G1-PE-(3,4)- 
3EO-G1-(OMe),4] reveals faceted, polygonal 
(33) dendrimersomes, which probably reflects 
an intriguing compromise between amphiphile- 
driven bilayer formation and molecular rigidity 
associated with the branched core. Figure 4B 
[(3,4)12G1-PE-(3,4)-2EO-G1-(Me)4] shows par- 
ticles known as cubosomes (34), which contain a 
bicontinuous internal morphology. Disklike (35) 
and toroidal dispersions are found within Fig. 41 
[(3,4,5)12G1-PE-(3,5)-3EO-(OMe),], whereas 
(3,5)12G1-PE-(3,4,5)-3EO-(OMe), generates tu- 
bular dendrimersomes (Fig. 4G) (36). Two final 
examples, drawn from library 2 [(3,4,5)12G1- 
PE-(3, 5)-3EO-(OMe)g] and library 8 [tris 12-PE- 
BMPA-G2-(OH)s] are presented in Fig. 4, C and 
H, evidencing spherical micelles and flat, helical 
(twisted) ribbons, respectively. Course-grained 
molecular dynamics computer simulation is ca- 
pable of capturing elements of this complexity, as 
illustrated in Fig. 5. These images demonstrate 
spontaneous self-assembly of (3,5)12G1-PE- 
BMPA-(OH), into bicontinuous and disklike ob- 


jects, depending on the level of hydration, with 
marked resemblance to morphologies found in 
Fig. 4, B, E, I, and L. 

Though it would be premature to draw 
detailed conclusions regarding the relationship 
between specific molecular variations and result- 
ing self-assembled structure at this time, it is clear 
that Janus dendrimers provide a rich palette for 
the engineering of new and exciting materials by 
self-assembly. 
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Lopsided Growth of Earth's Inner Core 


Marc Monnereau,’* Marie Calvet,? Ludovic Margerin,” Annie Souriau? 


Hemispherical asymmetry is a prominent feature of Earth’s inner core, but how this asymmetry 
relates to core growth is unknown. Based on multiple-scattering modeling of seismic velocity 
and attenuation measurements sampling the whole uppermost inner core, we propose that the 
growth of the solid core implies an eastward drift of the material, driven by crystallization in the 
Western Hemisphere and melting in the Eastern Hemisphere. This self-sustained translational 
motion generates an asymmetric distribution of sizes of iron crystals, which grow during their 
translation. The invoked dynamical process is still active today, which supports the idea of a 


young inner core. 


he inner core of Earth is one of the most 
enigmatic parts of our planet. This solid 
body at the center of Earth, with a radius 

of 1220 km, grows from the crystallization of 


the iron in the liquid outer core at a present rate 
of about 0.5 mm/year, a process that has been 


occurring for around 1 billion years (/). The 
structure of the inner core is mostly known from 
the propagation of seismic waves and from the 
normal modes that are excited after large earth- 
quakes (2, 3). The inner core is anisotropic, with 
faster propagation and stronger attenuation for 


seismic paths parallel to Earth’s rotation axis 
than for paths parallel to the equatorial plane. 
However, the uppermost 100 km are nearly 
isotropic and strongly attenuating, with lower 
seismic P-wave velocity and attenuation in 
the Western Hemisphere than in the Eastern 
Hemisphere. 

Previous studies report hemispherical anom- 
alies for seismic P waves propagating through 
the uppermost isotropic inner core (called PKIKP 
waves), but these anomalies exhibit notable 
differences in their amplitude and spatial dis- 
tribution (4-7). To resolve some of these in- 
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Fig. 1. (A) Paths of the PKIKP wave (solid line) 
refracted inside the inner core and the PKiKP wave 
(dashed line) reflected at the inner-core boundary at 
distance 140°. (B) Examples of records corresponding 
approximately to the same epicentral distance (140°) 
but to increasing distances Ag of their turning point 
to point G [see (Q)]. Solid circles are PKIKP waves; 
open circles are PKiKP waves. Travel-time differences 
increase with increasing Ag values. Data are vertical 
components, band-pass filtered at 0.7 to 2.0 Hz. 
Dates and station codes are given on the right. (C) 
Map of the differential travel-time residuals PKiKP- 
PKIKP plotted at the ray turning points (Mollweide 
projection). Solid circles are best-quality data (8). 
Contours are plotted every 20° from point G (thick 
cross) and roughly delineate regions of equal 
residuals. (D) Differential travel-time residuals and 
(E) quality factors (in logarithmic scale) as a function 
of the distance of the ray turning point to point G. 
Solid circles are best-quality data. 


Fig. 2. (A) Relative group-velocity difference 
between the two hemispheres (Vy — Vg)/Vg (color 
scale) and attenuation ratio Qy/Q¢ (black curves) as a 
function of the grain sizes ay and ag in the 
uppermost inner core. The elastic constants of the 
hcp iron model (25) are used to compute attenuation 
and velocities. We observe that the fast and strongly 
attenuating Eastern Hemisphere should have larger 
grains than the slow and less-attenuating Western 
Hemisphere [(Vq — Vo/Vg > 0 and QwWQ, < 11, 
indicating that crystallization (small grains) occurs in 
the Western Hemisphere. (B) Most-probable grain 
size (color scale) at points G and M from a test over 
1 x 10° hcp iron crystal models. 
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Fig. 3. Schematic cross-section illustrating the inner-core growth model. In a 
superadiabatic regime, any thermal heterogeneity of harmonic degree-one shifts 
the center of mass of the inner core toward its colder and denser hemisphere (left). 
The equilibrium position at the center of mass of Earth (0) is restored by a 
translation of the inner core (from dashed to solid positions). This induces a 
topography / that is not in equilibrium with the pressure and temperature 
conditions within the outer core. Crystallization on the denser hemisphere (left) 
and melting on the opposite side act to remove the topography, but in return 
amplify the density heterogeneity and maintain the center of mass shifted 
toward the crystallizing side. It results in a permanent translation of the 
inner-core material inside its boundary, whose velocity V is controlled by the 
phase-change kinetics. The main consequences are an increase of the age (in 
color) from one side (blue) to the opposite (yellow), and the subsequent 
grain-size increase, which is compatible with the seismological hemispher- 
ical asymmetry. 


consistencies, we collected a global data set of 
PKIKP waves, sampling the uppermost 90 km 
of the inner core (epicentral distances 135° to 
142°), with a particular emphasis on polar re- 
gions, which were poorly sampled in previous 
studies. The PKIKP travel times and ampli- 
tudes were measured by comparing them with 
reference phases reflected at the inner-core 
boundary (called PKiKP waves) to eliminate 
mantle and source contributions (8) (Fig. 1, A 
and B). 

The PKiKP-PKIKP travel-time residuals, 
mapped at the ray turning points (Fig. 1C), reveal 
an asymmetrical pattern, with high velocities be- 
neath the Eastern Hemisphere and low velocities 
beneath the Western Hemisphere, as previously 
observed (4, 5, 7, 9). An expansion of this 
pattern in spherical harmonics reveals a domi- 
nant degree-one with poles close to the equator 
at longitude ~80°W (point G in Fig. 1C) and its 
antipode (point M), where GM is a symmetry 
axis. The travel-time residuals and quality fac- 
tors (in logarithmic scale) exhibit a linear 
dependence on angular distance measured from 
point G (Fig. 1, D and E). These linear relation- 
ships confirm that the slower regions are those of 
lower attenuation and provide numerical con- 
straints for modeling (8). 

The observed positive correlation between 
velocity and attenuation is a distinctive seismic 
feature of the inner core that is difficult to ex- 
plain in the framework of viscoelastic attenua- 
tion models (10, //). To explain simultaneously 
the asymmetry and the correlation between Age 
velocity and attenuation, we developed a simple 
model of iron texture (8). In this model, the 
inner core is composed of a collection of an- 
isotropic iron grains (cubic or hexagonal) with 
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Fig. 4. Age and size of the grains inside the inner core for two initiation times (to) of the convection- 
translation process, normalized by the age of the inner core (left and right panels), and for three 


different sizes and orientations but with an translation velocities (v), normalized by the growth rate of the inner core. In the peculiar case v = 1, no 
isotropic aspect ratio. The random fluctuations melting occurs on side M. to = 0 corresponds to a translation starting at the beginning of inner-core 
of crystal-axis orientation produce variations in formation (about 1 billion years ago), ty = 0.8 to a translation starting at 0.8 times the age of inner-core 
seismic properties from grain to grain, which, in formation (thus about 200 million years ago). In each subfigure, the top shows the age of the iron 
turn, induce attenuation and dispersion of waves grains and the bottom shows their size, represented in map view (Mollweide projection) and cross 
by scattering. The quality factor and group ve- section. The map views are the average over the uppermost 100 km, as sampled by the seismic paths 


locity of body waves are computed at 1 Hz by — (Fig. 1). 
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using a multiple-scattering approach (/2). We 
interpret the dependence of the P-wave velocity 
and attenuation with the distance to the point G 
as lateral variations of the grain size. This 
texture model predicts larger grains at point M 
than at point G (Fig. 2A). 

To verify that this result does not depend 
on the choice of a specific iron model, we per- 
formed a systematic exploration in the space of 
elastic constants for both cubic and hexagonal 
symmetry. We tested about 1 x 10° models of 
cubic iron and 1 x 10° models of hexagonal 
close-packed (hcp) iron; for each model, we 
allowed the grain size to range from 50 m to 20 
km (8). The probability distribution of grain 
sizes at points G and M for all satisfactory 
models of hep iron (Fig. 2B) yields typical 
grain sizes on the order of 300 to 700 m at 
point G, and 7 to 15 km at point M. Similar 
estimates are obtained for cubic iron (8). This 
grain-size variation accounts for the stronger 
PKiKP coda observed in the Western Hemi- 
sphere (/3, 14), because smaller grains back- 
scatter more energy (8). 

To interpret such a large contrast of grain 
size, we propose a growth model that puts 
forward the role of convection within the 
inner core. Previous investigations of inner-core 
convection (/5—17) have considered the inner- 
core boundary as an impermeable surface, such 
as the core-mantle boundary. However a solid- 
liquid phase change is clearly a permeable 
frontier. With such a boundary condition, a 
uniform velocity field within the inner core is 
a straightforward solution of the Navier-Stokes 
equation (8), with the return flow taking place in 
the outer core. This translational movement 
necessarily involves permanent crystallization 
on one side and melting on the opposite side 
and results in lateral variations of the typical 
size of iron grains as they grow during their 
transit time (Fig. 3). The observed hemispher- 
ical grain-size distribution indicates that the 
translation velocity is parallel to the equatorial 
plane with a west-east orientation (that is, from 
side G to side M, Fig. 3). 

Because no deformation is associated with 
this flow, no viscous force can balance the buoy- 
ancy forces. The equilibrium is simply reached 
by isostasy, and a small topography (A, Fig. 3), 
resulting from a translation of the inner core, 
compensates the thermal buoyancy. This trans- 
lation exposes the colder (that is, denser) side (G) 
in the crystallizing field and the opposite side (M) 
in the melting field. Each side no longer cor- 
responds to the solidus, and the topography is 
thermodynamically unstable. The phase change 
acts to remove the topography, which is contin- 
uously restored by isostatic equilibrium. The 
inner core is thus involved in a continuous drift 
from a crystallizing side (G) to a melting side 
(M), the drift velocity (that is, the convective 
velocity) being controlled by the phase-change 
kinetics. Because the iron temperature liquidus 
increases with pressure, the phase change en- 


hances the convection (/8). The inner-core 
boundary position remains stable, except for the 
radius increase due to the net growth. This con- 
vective process generates a cylindrically sym- 
metric structure around the GM axis. 

The source of convection is the cooling of 
the core, but super-adiabatic conditions are nec- 
essary. This implies that the cooling rate of the 
outer core exceeds the conductive heat flux 
within the inner core. Typically, this occurs for 
an inner core younger than 1| or 2 billion years, 
depending on the value of the iron thermal 
conductivity (/5, 19). External conditions also 
affect the direction of the translation. Because of 
the columnar nature of the outer-core dynamics 
(20, 21), heat transport is stronger above equa- 
torial regions of the inner core. As a conse- 
quence, convection is favored if the translation 
takes place in a direction parallel to the equa- 
torial plane, because the vigor of the process is 
controlled by the ability of the outer core to 
disperse or provide latent heat released by 
crystallization or consumed for melting. 

The main consequence of our model con- 
cerns the age distribution inside the inner core, 
which is obtained from a simple kinematic 
model combining the translation mode and the 
increase of the inner-core radius with time, with 
the translation velocity serving as the key 
parameter (8). For velocities greater than the 
growth rate and a mechanism that is stable in 
the long term, grains are younger than the inner 
core, denoting a complete renewal of the inner- 
core material. In contrast, parts of the primitive 
inner core are preserved close to the melting 
side for small translation velocity or late initia- 
tion of the mechanism (Fig. 4). A classical model 
of grain growth (8, 22) predicts grain sizes of a 
few hundred meters on the crystallizing/growing 
side, reaching a few kilometers on the melting 
side, which is in good agreement with the seis- 
mological estimates. To account for the seismic 
asymmetry, the grain size contrast must exceed a 
factor of 7 and can be as large as a factor of 50. 
This upper boundary is reached only for a re- 
stricted domain of parameters with a transit ve- 
locity greater than 100 times the crystallization 
rate and a very late initiation of the process. In 
contrast, a factor close to 7 spans a wide range 
of parameters (fig. S8) but nevertheless always 
requires a velocity greater than three times the 
growth rate. 

Our convection mechanism proposes an alter- 
native to models where the seismic asymmetry 
results from outer-flow—induced texture in the 
Western Hemisphere and columnar dendritic or 
random texture due to fast growth rate in the 
Eastern Hemisphere (/3, 23). Our model is also 
compatible with the presence of deep anisot- 
ropy. This structural complexity might be related 
to deformation resulting from forcing by the 
dominant equatorial mode of inner-core growth 
(19, 24). The convective translation is not a source 
of strain but does not prevent such an isostatic 
adjustment, because both mechanisms are solu- 
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tions to the flow equation with a permeable 
boundary. 

The west-east translation of the inner core 
may still be active; otherwise, the ongoing growth 
of the inner core would restore a uniform grain- 
size distribution at the inner-core boundary. Be- 
cause translation operates only in superadiabat- 
ic conditions, the inner core may be relatively 
young. 
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Regional Variation of Inner Core 
Anisotropy from Seismic Normal 


1018 


Mode Observations 


Arwen Deuss,’* Jessica C. E. Irving,” John H. Woodhouse” 


Earth’s solid inner core is surrounded by a convecting liquid outer core, creating the geodynamo driving 
the planet’s magnetic field. Seismic studies using compressional body waves suggest hemispherical 
variation in the anisotropic structure of the inner core, but are poorly constrained because of limited 
earthquake and receiver distribution. Here, using normal mode splitting function measurements 

from large earthquakes, based on extended cross-coupling theory, we observe both regional variations 
and eastern versus western hemispherical anisotropy in the inner core. The similarity of this pattern 
with Earth’s magnetic field suggests freezing-in of crystal alignment during solidification or texturing by 
Maxwell stress as origins of the anisotropy. These observations limit the amount of inner core 

super rotation, but would be consistent with oscillation. 


s the Earth continues to cool, the inner 
Ax grows by solidification of the fluid 

outer core (/). Solidification results in 
the release of light elements and latent heat, which 
drive the geodynamo generating the Earth’s 
magnetic field (2). The details of the magnetic 
field and geodynamo depend on the existence and 
structure of the inner core, which can be studied 
directly by using seismic data. Seismological ob- 
servations established that the inner core is an- 
isotropic (3, 4) and possibly rotating faster than 
the Earth’s mantle (5). 

Recent seismic studies have suggested the ex- 
istence of hemispherical variations in anisotropy— 
the Western Hemisphere displaying much stronger 
anisotropy than the Eastern Hemisphere (6), 
which may be related to the thermal evolution 
of the core-mantle boundary region and the struc- 
ture of the magnetic field (7). However, hemi- 
spherical variations in inner core anisotropy have 
so far been seen only in compressional body 
waves (6, 8), which are limited to sampling only 
a few small regions of the core because of uneven 
station and earthquake coverage. These poten- 
tial biases limit their use in making comparisons 
of inner core structure with the Earth’s magnetic 
field and thermal structure. Hemispherical var- 
iations may be too simplistic an interpretation of 
more complicated laterally varying structure, 
and we do not know if they also exist in shear 
waves. 

Normal modes—whole Earth oscillations at the 
lower part of the frequency range (<10 mHz)— 
have the potential to provide both full global 
coverage and robust identification of hemispher- 
ical variation in inner core anisotropy. However, 
lack of appropriate theory has prevented the res- 
olution of more complicated structures and re- 
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gional variations by using this approach. The 
simplest theory to study normal modes, called 
self-coupling, assumes that a mode may be treated 
as isolated (9). All previous normal mode studies 
have applied self-coupling and have sought only 
inner core anisotropy that is symmetric around 
the Earth’s rotational axis (4, 70-12). To observe 
hemispherical (i.e., antisymmetric) variations, 
it is essential to take cross-coupling between 
pairs of modes into account (/3). Cross-coupling 
becomes important when two or more normal 
modes are close in the frequency spectrum and 
start to resonate (4). We recently extended nor- 
mal mode theory (/5), enabling us to include 
hemispherical variations in inner core anisotropy, 
and apply it here to make observations in real 
data (/6). Here, we present normal mode split- 
ting functions measured from normal mode 
spectra from over 90 large earthquakes (moment 
magnitude > 7.5) from 1976 to 2009 to observe 
hemispherical anisotropy and to interpret these 
observations using model predictions (/7). Sphe- 
roidal normal modes are denoted ,,S;, where 7 is 
the overtone number and / is the angular order. J 
denotes modes that are confined to the inner core 
(fig. S1 and $2). 

Normal mode 655 strongly cross-couples to 
inner core confined mode ;7S7. The self-coupling 
splitting function measurement for 16S; (Fig. 
1A) confirms earlier measurements (/2, /8) in 
which a symmetric zonal pattern (i.e., constant 
with longitude), with alternating bands across 
the polar regions and along the equator, is ap- 
parent. This characteristic pattern requires cylin- 
drical inner core anisotropy (/2) in addition to 
heterogeneous mantle structure (Fig. 1B) be- 
cause calculations for mantle-only structure do 
not explain the anomalous polar regions. In- 
stead, weaker subduction zone anomalies would 
be visible beneath the Americas and east Asia 
(Fig. 1C). 

The observed cross-coupled splitting function 
between 165s and inner core confined mode ;7S/ 
shows an antisymmetric flip in sign across 


Africa (Fig. 1D). Calculations, with the use of our 
previously developed theory (/5), for a model 
with inner core anisotropy in the Western Hemi- 
sphere only (fig. S3) show that this flip can be 
explained by strong hemispherical variation in 
inner core anisotropy. The negative splitting 
function anomalies around the polar regions in 
the Western Hemisphere are due to increased an- 
isotropy there, and the positive splitting function 
anomalies in the Eastern Hemisphere polar re- 
gions are due to locally weaker anisotropy (Fig. 
1E). The pattern completely disappears when 
stripping the hemispherical inner core anisotro- 
py from the predictions, leaving a mantle-only 
structure (Fig. 1F), confirming that this mode pair 
is very sensitive to inner core structure. 

A range of tests (79), including cross-validation 
to determine error boundaries in our measure- 
ments (fig. S5), show that our observations are 
robust. Conveniently, the strongest cross-coupling 
for inner core hemispherical structure is found 
in normal mode pairs of which one of the modes is 
an oscillation of the inner core only, a so-called in- 
ner core confined mode. An inner core confined 
mode is not sensitive to the outer core, mantle, or 
crust (fig. S2) and can cross-couple with another 
mode only in the presence of inner core structure. 
Previous studies suggested that normal mode 
observations of inner core anisotropy may be due 
to outer core structure instead (20) or that the 
hemispherical variations seen in compressional 
waves may be due to anomalous structure in the 
core-mantle boundary region. By making use 
of pairs that are sensitive only to hemispherical 
inner core structure, we show that any observed 
structure must instead come from the inner 
core, which provides evidence for the existence 
of inner core anisotropy. It is also noteworthy that 
the normal modes observed here are mainly 
sensitive to the shear wave structure of the inner 
core; this suggests that regional variations in 
anisotropy can be observed not only in compres- 
sional but also in shear wave velocity. 

Several more pairs of cross-coupled modes 
show the characteristic antisymmetric change in 
signature across Africa in their cross-coupled 
splitting functions (Fig. 2). Mode pair @Ss-sSi0 
(Fig. 2A) is again a combination of an inner core 
confined mode with an observable mode. Com- 
parison with model predictions (fig. S4A) shows 
that the alternating pattern with negative split- 
ting function anomalies near the poles in the 
Western Hemisphere is due to increased anisotro- 
py and that the anomalies with opposite polarity in 
the Eastern Hemisphere are due to weaker an- 
isotropy; the observed and predicted patterns 
are similar. Both constituent modes of the pair 
1494-1157 (Fig. 2B) are observable at the Earth’s 
surface, and both are sensitive to mantle and core 
structure. The cross-coupled splitting function 
for 44-157 is a combination of mantle and core 
structure, showing much stronger antisymmet- 
ric splitting than is predicted for current models 
of inner core anisotropy (fig. S4B). For this 
mode pair, the predictions confirm that increased 
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anisotropy in the Western Hemisphere shows up 
as positive splitting function anomalies in the 
polar regions. 

Short-period differential PKPbc-PKIKP and 
PKPab-PKIKP travel times allow for comparison 
of splitting functions with body wave observa- 
tions, revealing inner core structure by using 
pairs of waves that have similar paths in the 
mantle and outer core but differ in the inner core 
(fig. S6). PKIKP is the compressional wave 
propagating from the mantle into the outer and 
inner core and returning to the Earth’s surface. 
PKPbc and PKPab are branches of compressional 
waves that travel only the mantle and outer core. 
In agreement with previous studies (6), polar paths 


Observed self-coupled splitting function 
1695, S=2,4,6 


Predicted self-coupled splitting for inner core 
4695; S=2,4,6 


Predicted self-coupled splitting for mantle-only 
1695, S=2,4,6 


0 
wwHz 


show large, positive travel-time anomalies in the 
Western Hemisphere and smaller anomalies in the 
eastern hemisphere (Fig. 3). These anomalies 
support the general interpretation that inner core 
anisotropy is aligned with the north-south axis in 
the Western Hemisphere and is weaker in the 
Eastern Hemisphere. The boundaries between 
the Eastern and Western Hemispheres at 14°E 
and 151°W, revealed using a model space search, 
serve as boundaries for the cross-coupled hemi- 
spherical inner core anisotropy predictions (Fig. 
1E and fig. S4). 

The strongest anisotropy in the PKIKP 
observations is found in the Western Hemisphere 
under the Americas. These observations are 
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Fig. 1. Observed and predicted splitting functions for the mode pair 145; and ,752. (A) Observed 
splitting function using self-coupling only for 1.5; showing typical zonal splitting. (B) Predicted self- 
coupled splitting function for a mantle model and a cylindrically anisotropic inner core model (12). (C) 
Predicted self-coupled splitting function for mantle-only model S20RTS (31). (D) Observed cross- 
coupled splitting function showing antisymmetric splitting, which changes sign across Africa. (E) 
Predicted cross-coupled splitting function for anisotropy only between hemisphere boundaries at 151°W 
and 14°E. (F) Predicted cross-coupled splitting function for mantle-only structure. Thick lines denote the 
hemisphere boundaries found from body wave observations (Fig. 3). s is the angular order of the observed 


structure. 
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dominated by earthquakes in the South Sandwich 
Islands and stations in Alaska; sampling of other 
regions by polar paths is much sparser. This 


Observed cross-coupled splitting function 
895-510", S=5 


Observed cross-coupled splitting function 
149471187, $=3,5 


0 
wHz 
Fig. 2. Observed cross-coupled splitting func- 
tions for mode pairs (A) 955-sSzp, and (B) 1454-1157. 


Body wave observations 
PKPbc-PKIKP and PKPab-PKIKP polar paths 


Differential travel time residual (s) 
=——= Hemisphere boundaries 


Fig. 3. Body wave observations of PKPbc-PKIKP 
and PKPab-PKIKP differential travel time residuals 
for polar paths. Large positive residuals (red triangles) 
are indicative of anisotropy and are predominately 
found in the Western Hemisphere, whereas the re- 
siduals in the Eastern Hemisphere are much smaller 
(blue triangles) and show no evidence of inner core 
anisotropy. Thick lines indicate hemisphere bound- 
aries obtained by a model space search. Thin lines 
indicate the path of the PKIKP wave through the 
inner core. Substantial areas of the inner core are 
poorly sampled, particularly the Northern Hemi- 
sphere in Asia and the mid-Pacific region. 
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A Magnetic field at CMB 
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B Magnetic field at CMB 
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Fig. 4. Observed radial component of the Earth's magnetic field at the CMB, averaged over the 
last 5 million years (27). (A) The total magnetic field is dominated by the dipole component; the 
nondipole field is also included. (B) The nondipole component of the field shows four increased 
negative flux patches. These flux patches are also seen in the current-day magnetic field (fig. $7) 
and correspond to the locations of maximum hemispherical variations in seismic anisotropy (Figs. 


1D and 2, A and B). 


region very closely matches the area of strongest 
anisotropy found independently in our observa- 
tions of cross-coupled, normal mode splitting 
function (Figs. 1D and 2). The normal modes 
also reveal that the region of weakest anisotropy 
lies under eastern Asia, an area that is not well 
covered by PKIKP paths. 

Inspecting the observed splitting functions in 
more detail, we find a pattern of regional var- 
iations in addition to the simple Eastern versus 
Western Hemisphere division in the PKIKP 
observations. The splitting function predictions 
for simple hemispheres are antisymmetric across 
Africa (Fig. 1E and fig. S4), whereas the obser- 
vations show wide transition zone regions be- 
tween the narrow regions of strongest and 
weakest anisotropy. The observations also show 
regions of variable strength on either side of the 
hemisphere boundary across Africa (2/). For 
example, gS5-5S A (Fig. 2A) reveals an additional 
negative frequency region under southern Af- 
rica and in the mid-Pacific. Similar additional 
features are seen in 1655-1754 (Fig. 1D) beneath 
Madagascar. 

Inner core anisotropy is acquired either during 
solidification by freezing-in of crystal alignment 
(7, 22), or by deformation texturing after so- 
lidification due to thermal convection (23), an- 
isotropic growth (24), or the Maxwell stress of 
the magnetic field (25, 26). The observations re- 
ported here allow us to compare models of the 
average magnetic field (27-29) (Fig. 4) with the 
seismically observed hemispherical variations 
and to test these hypotheses. The radial com- 
ponent of the magnetic field at the core-mantle 
boundary is dominated by the dipole compo- 
nent (Fig. 4A). The nondipole component shows 
four concentrated flux patches, two in the East- 
ern Hemisphere and two in the Western Hemi- 
sphere (Fig. 4B). The locations of the magnetic 
flux patches coincide with the regions of strongest 
anisotropy across the Americas and weakest an- 
isotropy across eastern Asia (comparing Fig. 


1D with Fig. 4B). The two flux patches in the 
Eastern Hemisphere are stronger and are as- 
sociated with the weakest anisotropy in the 
same hemisphere. Weak magnetic field regions 
are seen across Africa and in the Pacific, in 
agreement with the transition regions between 
strong and weak anisotropy in normal mode 
observations. 

The similarity between the locations of re- 
gional flux concentrations in the radial magnetic 
field and the strength of the seismic anisotropy 
suggests that they share a common origin and 
rules out deformation by thermal convection 
(23) or anisotropic growth (24). Magnetic flux 
patches are caused by variations in temperature 
at the core-mantle boundary, locally extracting 
more or less heat from the core and thus con- 
centrating upwellings and downwellings in 
outer core convection (30). Complex convection 
patterns may then imprint variable alignment 
during freezing at the inner core boundary (7). 
The question remains whether the flux patches 
have been stable for long enough in Earth’s 
history to generate hemispherical differences in 
the deeper parts of the inner core, but the deeper 
anisotropy may have been acquired after so- 
lidification due to texturing by Maxwell stress 
(25, 26). Thus, hemispherical variations in seis- 
mic anisotropy may help in unraveling the mag- 
netic field of the past. 

Inner core super rotation of 0.1° per year 
(5) would average out hemispherical variations 
caused by texturing either during or after so- 
lidification. We find that the areas of weak and 
strong anisotropy do not cover a full hemisphere 
but are narrow and separated by wide transition 
regions. This might also be explained by inner 
core oscillation, which would make the bound- 
ary between the two hemispheres blurred. 
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The Onset of Collective Behavior 


in Social Amoebae 


Thomas Gregor,** Koichi Fujimoto,*t Noritaka Masaki,” Satoshi Sawai*+ 


In the social amoebae Dictyostelium discoideum, periodic synthesis and release of extracellular 
cyclic adenosine 3°,5 -monophosphate (cAMP) guide cell aggregation and commitment to form 
fruiting bodies. It is unclear whether these oscillations are an intrinsic property of individual cells 
or if they exist only as a population-level phenomenon. Here, we showed by live-cell imaging of 
intact cell populations that pulses originate from a discrete location despite constant exchange of 
cells to and from the region. In a perfusion chamber, both isolated single cells and cell populations 
switched from quiescence to rhythmic activity depending on the concentration of extracellular 
cAMP. A quantitative analysis showed that stochastic pulsing of individual cells below the threshold 
concentration of extracellular cAMP plays a critical role in the onset of collective behavior. 


dergo transitions to coordinated activities 

depending on nutrient availability and 
presence of other microbes in the environment. 
In a process termed “quorum sensing” (/), small 
signaling molecules are synthesized and secreted 
into the extracellular space. When the concentra- 
tion of the molecules reaches a threshold, the cell 
population undergoes a transition to a state that 


Pee of microorganisms often un- 


Fig. 1. Live-cell imag- 
ing of cAMP signaling 
during early develop- 
ment of D. discoideum 
cells. (A) About 180 cells 
were confined to a 420- 
um-diameter area on hy- 
drophobic agar (22). 
Snapshots were taken at 
times indicated by the 


collectively can cope with the new environment. 
Studies on chemical oscillators (2), glycolytic os- 
cillations in yeast (3), and a synthetic gene circuit 
in bacteria (4) have demonstrated that synchro- 
nized oscillations may rely on a similar quorum 
sensing—type transition. Unlike in cases where 
synchronized oscillations appear by entrainment 
of phase and frequencies of autonomously os- 
cillating elements [e.g., fireflies (5), circadian 
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rhythms (6), somite segmentation (7), Josephson 
junction arrays (8), chemical reactions (9), etc. 
(J0)], the quorum sensing-type transition is ac- 
companied by a spontaneous change from qui- 
escence to oscillations at the individual level. 
The transition, referred to as “dynamical quorum 
sensing,” encodes cell-density information in the 
frequency of the oscillations (2, 3), because the 
small-molecule threshold may be reached more 
quickly at higher cell densities. Although the 
scheme can provide a robust means for a single 
cell to change its state qualitatively depending on 
the cell density, exposing the basis of the oscil- 
latory transition in cell populations has remained 
a challenge (//, /2) because of difficulties in an- 
alyzing the dynamics of individual cells and the 
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red asterisks in (B). Dark 
area in rightmost snap- 
shot corresponds to final 
aggregation site of the 
population. (B) Time course 
of changes in FRET effi- 
ciency, averaged over all 
cells (time indicates hours 
after starvation). The flu- 
orescent intensities of the 
cyan fluorescent protein 
channel divided by that of 
the yellow fluorescent pro- : 


lyg5!leag(tel.u-) 


2 

fo) 

Dw) 
T 


i 
sl 


a aH nity ii 


He 
ey 


il th ih i 
H ic +h it 
ine 2 ili Ss 2] 
it 


tein channel are plotted 
on the y axis. The upper 
left inset is a colored sche- 


i?) 


matic for the subregions 
analyzed in (C). (C) En- 
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cells. Red bars indicate 
time windows in (B), 
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displayed in the inset in (B). Small differences in the rising phase of the pulses for individual regions correspond to cAMP waves that are propagating in space 


(see also fig. 57). 


www.sciencemag.org SCIENCE VOL 328 21 MAY 2010 


Downloaded from www.sciencemag.org on May 20, 2010 


1021 


Wl REPORTS 


population simultaneously. Moreover, how mi- 
croorganisms use cellular oscillatory mechanisms 
to implement complex life-cycle strategies at the 
population scale remains unexplored. 


Chemoattractant signaling in the social am- 
oebae Dictyostelium discoideum is one of the 
best-known examples of cell-cell signaling that 
mediates cooperation in microorganisms (/3). 


Fig. 2. Synchronized population-level oscillations of cytosolic 
cAMP. Cells were placed in a perfusion chamber (volume of 
~0.25 ml) 4 to 6 hours after starvation. (A) Population- 
averaged behavior at cell densities of 1/8 monolayer (ML; 1 ML 
unit is 6600 cells/mm”), 1/32 ML, and 1/64 ML (top to bottom, 
respectively) under buffer at a fixed flow rate of 1 ml/min. The 
lowest panel is at 1/32 ML and 16 ml/min. (B) A phase diagram 
summarizes 148 experiments at various densities and flow 
rates. The mean firing rate (min~“) is represented in color. Red 
regions display the highest firing rates (period of ~6 min). 
Sporadic firing occurs in the blue regions (see also fig. $5). 
White regions correspond to regimes of no spontaneous firing; 
white vertical lines indicate nonlinear breaks in the x axis. (C) 
Firing rate as a function of the ratio between cell density and 
flow rate (p/k) (blue circles). Mean + SE (indicated in red) are 
computed from equi-populated bins. Four points around a value 
of —2 on the x axis were considered outliers because they were 
sampled at very low k (flow rates < 1 ml/min), where the effect 
of extracellular PDE is nonnegligible (30). 


Fig. 3. The cAMP-induced cytosolic cAMP signal- 


When stimulated with extracellular cyclic adeno- 
sine 3’,5’-monophosphate (cAMP), cells respond 
by synthesizing and secreting more cAMP, which 
results in nondissipating waves of cAMP (/4, /5) 


ing response of isolated individual cells in a per- 
fusion chamber. (A) Representative time courses of 
subthreshold response (four cells are represented 
by different colors). The concentration of extracel- 
lular cAMP was changed at time points indicated 


by dashed lines (0 M, perfusion with buffer only, 
no cAMP). (B) Damped and persistent oscillations of 
cytosolic cAMP when perfused with 3 nM and 10 uM 


exogenous cAMP, respectively (colors indicate 
four individual cells). (C) Single-cell input/output 
relation of time- and cell-averaged responses to 
applied cAMP ranging from 100 pM to 100 uM 
(blue and red lines correspond to 3- and 30-min 
averages, respectively). The relative cAMP output 


of an isolated cell for a given input stimulus 
over a time period 7 is evaluated here by com- 
puting the time-integral of Jags/Isao given by 
Ieyt.camp (T) = 


1 (7 tags (t) )/Isqo(t)dt, where the stimulus is applied at t = 0 (22) (fig. $9). (D and E) 


Individual cells responding to repetitive stimuli at 6-min (D) and 3-min (E) intervals (see fig. $8 
for 4-min and 15-min intervals). Shaded regions, stimulus on (10 nM cAMP perfusion for 1 min); 
white regions, stimulus off (buffer perfusion only, no cAMP). Cells were set well below the 
transition point shown in Fig. 2C (separation >1mm; flow rate >4 ml/min). 


A 
_ 0.1 ; 
s 1 ml/min - 1/8 ML 
ra) 
=, Boo 005 01 0.15 
3 _—xXx~_ 0 a 
8 0 cAMP pulses/min 
0 50 100 = 
0.1 = 
ea ; > 
3 1 ml/min - 1/32 ML a 
ro) oO 
= Ss 
i=) = 
= 8 
2 0 
a ; 012 4 6 8 10151620 
0 50 100 Flow rate (ml/min) 
0.1 - : 
ae 1 ml/min - 1/128 ML 
3 Cc 
£ 0.2 
3 
_10 
a = 
= 0 ie er 
F 
0 50 100 g aul 
0.1 ; 3 
= 16 ml/min — 1/32 ML oO 
=} 
= = 
oe <= 
= S 
3 
5 0) 
# 0 
: ie (Densit Flow rate 
0 50 100 9, (Density ) 
Time(min) 
A Cc 
- > 0.06 
g 3 
*. “& 0.04 
— Ss 
3 % 0.02 
a 
20 40 : 60 80 
GrTegenin) “452 ([cAME)(riM) 
B 
3 D 
g 3 0.1 
“g 2B 
a “3 
Ea =? 
* S of 
20 40 60 —~ 
Time(min) 
E 
3S 01 
go 
“Ss 
oO 
= 
0 20 40 60 
Time(min) 


21 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 20, 2010 


that guides aggregation of individual amoeboid 
cells. Most of our understanding of the cAMP 
oscillations in Dictvostelium is based on population- 
level optical-density observations (/5—/7) or 
isotope dilution assays of cAMP on fixed samples 
(14, 18-20). Because such measurements hide 
possible cell-cell heterogeneities, it is unknown 
whether the initiation of the periodic behavior is 
due to synchronization of cells that can autono- 
mously oscillate regardless of interactions with 
other cells, or whether it is a “dynamical quorum 
sensing’—type phenomenon (3)—1.e., individual 
cells remain nonoscillatory unless the entire 
population becomes oscillatory. 

To elucidate the onset of the cAMP oscil- 
lations, we used a fluorescence resonance ener- 
gy transfer (FRET)-based sensor (2/) to directly 
monitor cytosolic cAMP in live Dictyostelium 
cells (22) (fig. S3). Inhibiting synthesis of cAMP 
inhibited oscillations, confirming that changes in 
FRET efficiency reflect changes in cytosolic 
cAMP concentrations (22) (fig. S1). A representa- 
tive time course of development is shown in Fig. 
1, A and B (movie S1). Cells began to fire 
synchronously 5 hours after nutrient deprivation 
with pulses occurring sporadically every 15 to 30 
min (Fig. 1B; 5 to 7 hours). Over the next 2 
hours, the period of firing shortened to 8 min and 
thereafter to 6 min when cells began to aggregate. 
The entire population participated in the firing 
from the first pulse (Fig. 1C, leftmost panel). Dif 
ferences in the phase of the oscillations depending 
on the regions indicate that pulses propagated in 
space as waves (fig. S7). Different spatial locations 
competed for wave initiation (Fig. 1C, second 
panel from the left). However, a single region 
eventually dominated and determined the aggre- 
gation center (Fig. 1A, middle panel). Tracking of 


Fig. 4. Dynamical quorum 
sensing—type transition in 
a population of excitable/ 
oscillatory switch elements. 
(A) Representative simu- 
lated time courses of aver- 
age cAMP concentrations 
(cytosolic [CAMP]. and ex- 
tracellular [CAMP]..¢ in linear 
and logarithmic scales, re- 
spectively). Thin colored lines 
indicate [CAMP], in indi- 
vidual cells. Cell densities 
were increased in incremen- 
tal steps of 1/768 ML, 1/192 
ML, 1/48 ML, 1/12 ML, and 
1/3 ML at k = 5 mUmin. (B) 
Firing rate as a function of 
p/k as predicted by the 
coupled phase model with 
(blue line; eq. S5) or without 
(gray squares; eq. $5) incor- 
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poration of stochastic pulsing. For comparison, see experimental data from Fig. 
2C (red circles) and mean-field approximation (dashed black line; eq. $6). (C) 
Model prediction of desynchronization at elevated cytosolic cAMP concen- 
trations [a 10-fold increase in maximum (A,,,,) and basal (A,,,) cytosolic cAMP 
concentrations; eq. $1]. [CAMP]. normalized by Amax in individual cells (thin 


1/768 ML: 1/192 ML : 


regA- (model; log ,, p/k = -2) 


individual cells revealed a continuous exchange of 
cells to and from the signaling centers. Together, 
these observations suggest that the oscillations do 
not originate from autonomous activities of 
specialized cells, but rather that they probably 
result from inhomogeneous fluctuations in the 
concentration of extracellular signaling molecules 
that favor pulse generation. 

To probe the extracellular conditions neces- 
sary to initiate periodic pulses, we placed cells 
in a perfusion chamber that provides rapid mix- 
ing and exchange of extracellular buffer to ensure 
a uniform and controlled environment. Pulsing 
rates were systematically measured for a wide 
range of cell densities and dilution rates. Repre- 
sentative data are shown in Fig. 2A. At suffi- 
ciently high densities (~10° cells/mm?) and under 
moderate flow speed (~1 ml/min), cells period- 
ically fire approximately once every 6 min on 
average (Fig. 2A, top panel), which is typically 
observed in an intact population near a monolayer 
density (14, 16, 17) (Fig. 1B). With decreasing cell 
density, the synchronized pulses become sporadic 
and finally cease (Fig. 2A). The dependence of the 
firing rate on cell density and dilution rate is 
presented as a phase diagram (Fig. 2B). The 
frequency of pulsing at flow rates >1 ml/min is 
proportional to a single parameter, p/k, which 
defines the ratio of cell density p to flow rate k 
(Fig. 2C). The pulsing rate is close to zero when 
p/k is small. As p/k is increased, the frequency 
increases logarithmically and levels off at ~6-min 
oscillations. 

To understand the origin of this dynamical 
transition, we quantified the response of single 
isolated cells to continuous application of exog- 
enous cAMP (Fig. 3, A and B). In the absence 
of extracellular cAMP, cytosolic cAMP concen- 
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trations remain steady with some fluctuations 
(fig. S4). At subnanomolar stimulation, cells pulse 
randomly (Fig. 3A). Upon application of nano- 
molar concentrations of cAMP, cells display 
excitatory behavior (1 nM in Fig. 3A and 3 nM 
in Fig. 3B)—a sharp transient rise that peaks after 
~30 s is followed by smaller peaks that gradually 
attenuate. Damping of the response becomes less 
marked at micromolar concentrations of cAMP 
(Fig. 3B; 10 uM). The oscillatory responses per- 
sist at 2.5- to 8-min periods, which vary from cell 
to cell. The peaks appear even at 100 uM cAMP 
(fig. S9), well above the saturation dose of the 
cAMP receptors (23), suggesting that cytosolic 
oscillations can occur without periodic changes 
in the concentration of extracellular cAMP. How- 
ever, this persistent oscillatory behavior depends 
strictly on the presence of extracellular cAMP, 
because when the stimulus is removed, cytosolic 
cAMP returms to its prestimulus level within 30 
to 60 s (Fig. 3A at 90 min; Fig. 3B at 65 min). 
From fluorometric measurements, we estimate 
that the basal and the peak concentrations of cy- 
tosolic cAMP correspond on average to ~400 nM 
and ~10 uM, respectively (fig. S3). Figure 3C 
summarizes the cytosolic cAMP responses in 
the form of an input/output relation (see also fig. 
S9). The input corresponds to the applied cAMP 
concentrations and the output to the integrated 
response over two time intervals: (i) 3 min, cor- 
responding to the initial peak of the response 
(Fig. 3C; blue curve); and (ii) 30 min (red curve). 
The 3-min interval exhibits a half-maximal 
output at 0.5 + 0.1 nM cAMP, suggesting that a 
cell can be excited by a very low number of 
cAMP molecules. For the longer interval, the half- 
maximal concentration is 1.7 + 0.2 nM owing to 
damping of the response. 


cAMP pulses/min 


-3 -2 -1 0 
log,, p/k 


regA- (experiment; 1/4 ML, 2 ml/min) 
2 


10 20 30 
Time (min) 


40 50 


gray lines; four cells are highlighted by colors). Blue line indicates population 
average. (D) Poorly synchronized population-level oscillations in regA~ mutants 
whose degradation of intracellular cAMP is reduced (1/4 ML; 2 ml/min). Colors 
indicate average signals by cells in four 100 im by 100 um regions separated 
by ~150 um. Blue line indicates average of the four regions. 
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The results in Figs. 2 and 3 indicate that ac- 
cumulation of extracellular cAMP ([cAMP].x;) 
in the population is essential for excitatory and 
oscillatory cell responses. At low p/k, if cells 
secrete cAMP on average at a constant rate 7, then 
[cAMP],; changes according to 

d[cAMP] 


ext = pr — ‘ [cAMP] (1) 
which states that variations in ‘cell density p 
alter the effective synthesis rate of extracellular 
cAMP, while the rate of dilution & divided by the 
chamber volume V-; determines how fast ex- 
tracellular cAMP is removed. Assuming that the 
system is at steady state in this regime, [CAMP] x: 
must be proportional to the parameter p/k (eq. 
S4), and hence Eq. | assumes a constant cell se- 
cretion rate for cAMP. Isolated cells exposed to 
extracellular cAMP below the threshold concen- 
tration of ~500 pM (Fig. 3C), however, display 
nonnegligible excitable dynamics that appear to 
be stochastic (Fig. 3A and fig. S4). This observa- 
tion matches well with the sporadic pulses ob- 
served experimentally at the population level (fig. 
S5), when p/k is near the transition point (Le., p/k ~ 
10 > in Fig. 2C). Incorporating first-order secretion 
(24) into Eq. 1, we computed the effective syn- 
thesis rate per monolayer cell density to be r = 
5.2 nM/min (by eqs. S3 and $8), implying that 
near the transition point, cells should only be able 
to accumulate extracellular cAMP of less than 
~10 pM (eq. S7). Such low concentrations, how- 
ever, are more than an order of magnitude below 
the responsive range of a single cell (Fig. 3C), 
indicating a limitation of the static picture pro- 
vided by Eq. 1. 

At high p/k, the firing rate reaches a plateau 
(~1/6 min! in Fig. 2C), which cannot be de- 
duced from the observed cell responses to per- 
sistent stimuli (Fig. 3C) alone. When isolated cells 
are repetitively stimulated with 10 nM cAMP at 
6-min intervals, cells responded in pace with the 
stimuli (Fig. 3D). However, at shorter intervals 
the response gradually diminished (Fig. 3E and 
fig. S8A), and at longer intervals random bursts 
appeared spontaneously (fig. S8B). Thus, an in- 
dividual Dictyostelium cell behaves as a reso- 
nance filter that selects a stimulus at 6-min 
intervals. That is, extracellular cAMP must be 
removed for a certain time period for cells to 
respond to further stimuli. Such a time scale is a 
single-celllevel property. The requirement of 
cAMP removal is consistent with population 
experiments that we performed in the absence of 
flow (<1 ml/min; Fig. 2B). They demonstrate 
that synchronized oscillations require removal of 
extracellular cAMP by extracellular phosphodi- 
esterase (PDE, the enzyme that degrades extra- 
cellular cAMP) (figs. S2 and S10A). Together 
with the observed cytosolic oscillations in cells 
under prolonged stimulation (Fig. 3B), these 
observations indicate that in addition to the time 
it takes for the extracellular cAMP to return to 
its original prepulse concentration (a global pro- 
cess mediated by extracellular PDE), there exist 
local mechanisms that monitor time intracel- 


lularly before individual cells fully recover their 
state of excitability. 

To determine quantitatively the origin of 
synchronized pulses in the population, we incor- 
porated the observed response behavior into Eq. 
1. To this end, the single-cellevel dynamics of 
cytosolic cAMP is described by a phase equation 
(eqs. S1 and S2 and fig. S6A) that reproduces the 
pulsatile cAMP output observed in Fig. 3 (fig. 
S6B). When such cellular elements are coupled 
(eq. S5), the population switches from a quiescent 
to an oscillatory state at a critical cell density (Fig. 
4A). The model can accurately reproduce the 
frequencies of the synchronized oscillations (Fig. 
4B; blue line and red circles) only when the 
random pulsing observed at subnanomolar con- 
centrations (Fig. 3A and fig. S4) is taken into 
account. Without random pulsing, the curve 
appears slanted and shifts toward higher p/k 
(Fig. 4B; gray line). Hence, our model confirms 
the importance of sporadic random firing at the 
onset of synchronized pulses in the population, 
as observed experimentally in fig. S5. At sub- 
nanomolar concentrations of extracellular cAMP, 
the probability that a cell is randomly excited 
increases (Fig. 3A and fig. S4), enhancing the 
chance for other cells to fire (fig. S6C). A chain 
reaction of excitation is thus generated that can 
give rise to synchronized pulses [Fig. 4A (1/48 
ML) and fig. S6C] even at subnanomolar 
concentrations below the threshold. Thus, the 
question of whether specialized cells initiate 
synchronized pulses is ill posed; the initiation 
process is inherently collective and stochastic. 

Synthesis of intracellular cAMP requires a 
receptor-mediated activation of adenylyl cyclase 
ACA (fig. S1, D to G}—the main enzyme re- 
sponsible for converting adenosine 5’-triphosphate 
(ATP) to cAMP during this stage of Dictyostelium 
development. Binding of cAMP to the membrane- 
bound receptor induces production of phosphati- 
dylinositol 3,4,5-trisphosphate (PIP3) that recruits 
an activating factor containing a specific PIP3- 
binding domain [pleckstrin homology (PH) do- 
main] to the plasma membrane (25). Given the 
small number of extracellular cAMP molecules 
necessary to elicit a response in cytosolic cAMP 
(Fig. 3C), the stochastic nature of the pulsing 
may originate from random binding of cAMP to 
the membrane-bound cAMP receptor. However, 
the threshold value in the response (0.5 + 0.1 nM 
in Fig. 3C; blue curve) is an order of magnitude 
below the affinity of the receptor (23). Because a 
similar dosage dependence of membrane trans- 
location of a PH domain—containing protein has 
been observed (26), our input/output relation (Fig. 
3C, blue curve) most likely reflects the kinetics 
downstream of the membrane receptors but 
upstream of PIP3. 

That cells can be oscillatory even at the 
single-cell level in the perfusion setup (Fig. 3, 
B, D, and E) might indicate that the emergence 
of synchronized oscillations in the population is 
not a collective phenomenon. However, these 
cell-intrinsic oscillations appear only when the 


concentrations of extracellular cAMP are kept 
above | nM (Fig. 3B and fig. S9). Before extra- 
cellular cAMP can rise to this level spontane- 
ously in a cell population, synchronized pulses 
must emerge. In our perfusion experiments, at 
low p/k the population remains in a state in which 
pulses are emitted sporadically. In contrast, when 
extracellular cAMP is increased to a sufficiently 
high level, cells become transiently oscillatory. 
This occurs at high p/k where the pulsing fre- 
quency reaches a plateau (Fig. 2C). At that level, 
pulse timing is no longer dictated by the occur- 
rence of random pulses in the population, but 
rather by an oscillatory mechanism at the single- 
cell level that gates and paces the timing. As a 
result, the pulses appear regularly at ~6-min in- 
tervals (Fig. 2A). One would expect that dis- 
ruption of intracellular PDE (RegA) (27) should 
have a strong deleterious effect if these cell- 
intrinsic oscillatory dynamics involve a feedback 
regulation via cytosolic cAMP (20). However, if 
the main effect of disrupting RegA is to increase 
the overall concentration of cAMP secreted into 
extracellular space, regA cell populations should 
still be able to oscillate albeit with only partial 
synchrony (Fig. 4C) because the extracellular 
cAMP concentration should almost saturate the 
dynamic range of the input/output relation (Fig. 
3C and fig. S6B). In agreement with this model 
prediction, we observe that regd cells oscillate 
but are poorly synchronized (Fig. 4D). Further- 
more, because intrinsic oscillations observed at 
saturating dose of extracellular cAMP are also 
present in isolated regd cells (fig. S10B), the 
oscillations at the single-cell level do not require 
a RegA-mediated feedback loop. 

Finally, the entire sequence of events in an 
intact cell population (Fig. 1), from the onset of 
sporadic firing to determination of the final pe- 
riodic signaling center, can be inferred from the 
perfusion experiments. The key enzymes that 
determine the rates of secretion (7) and of cAMP 
decay (4) in Eq. 1 are ACA and extracellular 
PDE, respectively (figs. S1, S2, and S10A), both 
of which are expressed at very low levels but are 
induced during the first 4 hours after starvation 
(13, 28). When cAMP slowly begins to accumu- 
late in the extracellular space, initial pulses are 
randomly elicited owing to the stochastic sub- 
threshold dynamics at the single-cell level. Al- 
though several centers compete for dominance, 
the results in Figs. 2C and 4B predict that sites 
that accumulate more extracellular cAMP than 
others pulse at a higher frequency. Such sites will 
entrain other sites that fire less often (/0) and 
therefore survive. Thus, the first site that accumu- 
lates enough extracellular cAMP to support the 
saturating frequency (~6-min period) becomes the 
persistent oscillatory center. This not only allows 
aggregation of more cells to the same location, 
but may also facilitate later development because 
cAMP is required for cell differentiation (29). 

The signaling centers in D. discoideum are 
dynamic entities that self-organize in the popu- 
lation. The onset of synchronized pulses occurs 
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by a switchlike response of individual cells to an 
external threshold concentration. The initiation 
is highly dynamic and collective, because the 
threshold and the frequency of the response 
cannot be attributed solely to those at the single- 
cell level. As random cells continue to emit pulses 
sporadically, extracellular cAMP accumulates so 
that, at the peak of the synchronized pulses, cells 
become transiently oscillatory. The combination 
of these two strategies, one global and the other 
local, may allow cells to first determine the global 
maximum of extracellular cAMP concentration 
and then aggregate as the pulses become self- 
sustainable and are periodically emitted from such 
locations. 
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Structural Insights into the 


Assembly and Function of the 
SAGA Deubiquitinating Module 


Nadine L. Samara,?* Ajit B. Datta,”’2* Christopher E. Berndsen,”? Xiangbin Zhang, “7 
Tingting Yao,? Robert E. Cohen,? Cynthia Wolberger*?+ 


SAGA is a transcriptional coactivator complex that is conserved across eukaryotes and performs 
multiple functions during transcriptional activation and elongation. One role is deubiquitination 
of histone H2B, and this activity resides in a distinct subcomplex called the deubiquitinating 
module (DUBm), which contains the ubiquitin-specific protease Ubp8, bound to Sgf11, Sus1, 
and Sgf73. The deubiquitinating activity depends on the presence of all four DUBm proteins. 
We report here the 1.90 angstrom resolution crystal structure of the DUBm bound to ubiquitin 
aldehyde, as well as the 2.45 angstrom resolution structure of the uncomplexed DUBm. The structure 
reveals an arrangement of protein domains that gives rise to a highly interconnected complex, which 
is stabilized by eight structural zinc atoms that are critical for enzymatic activity. The structure 
suggests a model for how interactions with the other DUBm proteins activate Ubp8 and allows us to 
speculate about how the DUBm binds to monoubiquitinated histone H2B in nucleosomes. 


a core feature of eukaryotic transcription 

(J). The SAGA complex regulates genes 
transcribed by RNA polymerase II by carrying 
out multiple functions that include histone acet- 
ylation and deubiquitination (2, 3). The 1.8- 
megadalton SAGA complex, which contains 21 
proteins conserved from yeast to humans (4), 
plays a role in transcription activation and also 
couples transcription elongation with export of 
the nascent RNA through the nuclear pore com- 
plex (5). SAGA is recruited to promoter regions 


T: covalent modification of chromatin is 


by activator proteins, where it catalyzes the cleav- 
age of monoubiquitin from lysine-123 (K123) 
of histone H2B, as well as acetylation of histone 
H3 (6). Both of these activities are thought to 
be important for evicting nucleosomes from the 
promoter region and for facilitating transcrip- 
tion elongation (7). The yeast SAGA complex 
has been a model for studying SAGA function 
in the transcription cycle. Histone acetylation 
by SAGA is mediated by the Gen5 histone 
acetyltransferase subunit, whereas histone H2B 
deubiquitination is mediated by a discrete 


subcomplex known as the deubiquitinating 
module (DUBm) (3, 8). The yeast DUBm 
comprises four proteins: the ubiquitin-specific 
protease (Ubp8) ubiquitin hydrolase, Sgfl1, 
Susl, and Sgf73 (9, 10). Sgf73 tethers DUBm to 
the rest of the SAGA complex through a central 
domain; the N-terminal domain forms an 
integral part of the DUBm (9). Sgf73, along 
with Susl, also facilitates SAGA’s role in 
nuclear export by binding to components of 
the nuclear pore complex (//). Although Ubp8 
contains a ubiquitin-specific hydrolase (Usp) do- 
main (/2), the protein is inactive unless it is in 
complex with the other three DUBm proteins 
(9, 13). The structural basis for Ubp8 activation 
is not understood, nor is its dependence on the 
other three DUBm proteins to form a stable 
complex that can specifically target H2B for 
deubiquitination. 

Drosophila and human SAGA include a 
DUBm that functions analogously to the yeast 
DUBm and comprises homologs of the yeast 
proteins (/0, 14, 15). In addition, the human 
DUBm, consisting of USP22, ATXN7L3, ENY2 
and ATXN7 (homologs of Ubp8, Sgfl1, Sus1, and 
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Sgf73, respectively), also plays a role in telomere 
maintenance by regulating the stability of TRF1, 
a component of the telomeric shelterin complex 
(15). These additional functions suggest that the 
human DUBm may have other substrates that 
remain to be identified. The importance of DUBm 
function in humans is highlighted by the observa- 
tions that USP22 is a cancer stem cell marker 
(16) and that ATXN7 is the affected protein in the 
polyglutamine expansion disease, spinocerebellar 
ataxia type 7 (/7, 18). 

In order to gain insight into the basis for 
DUBm assembly, activity, and substrate binding, 
we determined the structure of the heterotetra- 
meric DUBm with and without bound ubiquitin 
aldehyde (Ubal), an inhibitor that forms a revers- 
ible covalent bond with the active-site cysteine 
(19, 20). Soluble, enzymatically active complex 
was obtained by coexpressing the intact Ubp8 
(4741 amino acids), Sgfll (99 amino acids), 
and Sus! (96 amino acids) proteins along with 
an N-terminal fragment of Sgf73 (residues 1 to 
96) that is sufficient for enzymatic activity (9). 
The coexpressed DUBm used in the structural 
study cleaves ubiquitin C-terminal 7-amido-4- 
methylcoumarin (ubiquitin-AMC) with an en- 
zymatic rate (eat) of 0.17 s | and a Michaelis 
constant (K,,) of 1.5 uM, giving a kca/Km value 
of 1.1 x 10° M/s! (fig. S1). The activity is 
inhibited by Ubal with an apparent dissociation 
constant (K;) of 0.2 uM (fig. S2). The coex- 
pressed DUBm can also cleave ubiquitin from 
the free histone substrates, H2B and H2A (fig. 
S3), which demonstrates that the complex re- 
tains the reported deubiquitinating activity of the 
complete SAGA complex. The crystal structure 
of the DUBm bound to Ubal was determined by 
selenomethionine multiwavelength anomalous 
dispersion phasing and refined at 1.90 A resolu- 
tion to an R/Riee of 15.5/20.3%. The 2.45 A reso- 
lution structure of free DUBm was determined 
by molecular replacement with the high- 
resolution DUBm structure as a search model, 
and refined to an R/Rgee of 20.4/28.1%. Data 
collection and refinement statistics are shown 
in table S1. Sequence alignments for all four 
DUBm proteins, annotated with the positions 
of secondary structural elements, are shown in 
fig. S4. The description of the structure that fol- 
lows focuses on the higher-resolution model of 
the Ubal-bound complex, except where noted. 

The structure of the DUBm shows Ubp8, 
Sgfl1, Susl, and Sgf73 to be remarkably inter- 
twined (Fig. 1, A and B). Each polypeptide con- 
tacts the other three proteins in the complex, 
which explains why active complex formation 
requires the presence of all four DUBm subunits 
(9, 13). With the exception of Ubp8, which con- 
tains two globular domains separated by a short 
linker, the conformations of the other three pro- 
teins are largely dependent on their interactions 
with other DUBm proteins. The complex is or- 
ganized into two lobes, each containing one of 
the two domains of Ubp8: the N-terminal zinc 
finger—ubiquitin binding protein (ZnF-UBP) 


domain and the C-terminal enzymatic Usp do- 
main (Fig. 1, A and B). The ZnF-UBP lobe (Fig. 
1C) is organized around the long N-terminal 
helix of Sgfl1, which binds the Ubp8 ZnF-UBP 
domain on one face and Sus! on the opposing 
face. The 40 N-terminal residues of Sgf73 com- 
prise the remainder of this lobe and primarily 
contact the Ubp8 ZnF-UBP domain and Sus! 
with short helices (Fig. 1, A and C). The sec- 
ond lobe of DUBm contains the ~350—amino 
acid Usp domain of Ubp8 (Fig. 1, A and D). 
Ubiquitin aldehyde binds, as expected, to the 
“fingers” region of the Usp domain (2/), which 
consists of an antiparallel B sheet and a zinc- 
binding domain (Fig. 1D), and forms a covalent 
bond between the modified C-terminal glycine 
and the active-site cysteine. To the opposite side 
of the active site lies the N-terminal zinc finger 
domain of Sgfl1, which binds to the face of the 
Usp domain (Fig. 1D). An extended well-ordered 
linker region joins the Sgfl1 zinc finger with its 


N-terminal helix (Fig. 1B) and forms a bridge 
between the two lobes of the DUBm while form- 
ing additional contacts with Ubp8. The inter- 
actions at the interface between the two lobes are 
mediated primarily by 50 C-terminal residues of 
the Sgf73 fragment (45 to 95), which are buried 
between the two lobes. This portion of Sgf73 
contains a short o helix and a zinc finger do- 
main that are connected by 20 residues that lack 
secondary structure, yet are well ordered and 
have low temperature factors. Sus] helices a2 
and a3 mediate additional interface contacts 
with Ubp8 on the back face of the Usp domain. 
Together, Sgfl1, Susl, and Sgf73 bury a total 
of 7910 A? of the Ubp8 surface. The overall 
features of the DUBm complex are preserved 
in the structure of apo DUBm, which crystal- 
lizes with different crystal packing. This indi- 
cates that the unusual arrangement of proteins in 
the DUBm complex is not an artifact of crystal 


contacts. 


ZnF-UBP Usp 
lobe 


Fig. 1. Overall structure of the SAGA DUBm. (A) View of DUBm bound to ubiquitin aldehyde (Ubal). 
The ZnF-UBP lobe and Usp lobe are labeled. The DUBm protein coloring scheme is shown at left; Ubal 
is yellow, with zinc atoms shown as red spheres. Disordered loop residues are indicated with dotted 
lines. Residues in Sgf73 that are ordered in the structure of the apo DUBm are shown in purple. (B) 
View of DUBm rotated 180° about the vertical as compared with (A). (C) View of the ZnF-UBP lobe. The 
Ubp8 ZnF-UBP domain and Sus1 bind on opposite faces of the Sgf11 N-terminal helix. The Sgf73 residues 
shown in purple are disordered in the Ubal-bound complex but are ordered in the apo complex. The 
insertion point for polyglutamine expansion in the human homolog, ATXN7, is indicated by an inverted 
triangle containing the letter, Q. (D) View of the Usp lobe. The fingers region to which ubiquitin (yellow) 
binds is at the bottom and the Sgf11 zinc finger (magenta) is at the top. 
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The binding of Sgf73 between the two lobes 
of the DUBm is consistent with its role in an- 
choring the DUBm to the rest of the SAGA com- 
plex (9, 70) and in helping to activate DUB 
activity. As compared with Sgfll and Sus1, 
which are also nonglobular, Sgf73(1—96) 
appears to be the most dependent on other 
DUBm proteins for its observed conformation, 
because it contains the fewest intrachain 
contacts. In the intact protein, the remaining C- 
terminal residues of Sgf73 link the DUBm to the 


Fig. 2. Dissociation of the Sgf73 
fragment from the DUBm com- 
plex. Velocity sedimentation of the 
DUBm in the presence (blue) and 
absence (black) of 2 mM EDTA, su- 


0.2 


perimposed with the sedimentation = ee 
of Sgf73(1—106) alone. OF 
On 0.4 
> 
a 


0.05 


Fig. 3. Structural details 
of the DUBm. (A) Struc- 
tural zinc coordination in 
the Ubp8 Usp domain 
located between o9 and 
010. (B) Structural zinc 
coordination in the Ubp8 
Usp domain located be- 
tween 0.12 and «13. (C) 
Superposition of the struc- 
ture of Sus1/Sgf11(1—-33) 
(copper) (PDB ID 3KIK) 
with the corresponding 
residues of Sus1 (blue) 
and Sgf11 (magenta) in 
the DUBm. The arrow in- 
dicates the additional heli- 
cal residues in Sgf11 seen 
in the DUBm structure. 


SAGA complex (Fig. 1A), with residues 227 to 
402 mediating interactions with the other SAGA 
proteins (9, /0). There is a low-complexity 
acidic region (residues 130 to 162) between the 
SAGA-binding and DUBm-binding regions of 
Sgf73, which suggests that the DUBm might be 
flexibly tethered to the remainder of the SAGA 
complex. Sgf73(1—96) contains a zinc finger that 
is coordinated by two cysteines (C78, C81), and 
a histidine (H93) (6). The fourth ligand in the 
DUBm-Ubal complex is an aspartic acid (D95) 


DUB module 
89.7 kDa 


e2j6s 
(s)9 


Ubp8/Sgf11/Sus1 
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that is conserved in the human homolog, ATXN7 
(fig. S4); however, this residue does not 
coordinate the zinc in the apo DUBm structure 
and, instead, is part of an extended C-terminal 
helix. It is likely that, in the full-length protein, 
the histidine (H97) or cysteine (C98) residues 
that are missing from the crystallized fragment 
serve as the fourth zinc-coordinating ligand. 

The incorporation of Sgf73 into the DUBm 
depends on the integrity of the zinc finger, be- 
cause a slightly shorter fragment containing resi- 
dues 1 to 92 is defective in binding to the other 
DUBm subunits (9). We therefore tested the 
effect of zinc chelation on the incorporation of 
Sgf73 and the other DUBm subunits into the 
complex. In the absence of EDTA, the DUBm 
sediments with an Soo value of 4.9 (Fig. 2), as 
expected for a single globular 90-kD species 
with a somewhat asymmetric axial ratio. The 
addition of 2 mM EDTA causes the complex to 
dissociate into two principal species corre- 
sponding to Sgf73 and the Ubp8-Sgfl1-Sus1 
heterotrimer (Fig. 2). We note that the Sgfl1-Sus1 
heterodimer sediments as multiple species (fig. 
S5) that do not account for any of the observed 
peaks. On the basis of the DUBm structure, the 
stable association between Ubp8, Sgfll, and 
Susl is most likely maintained by contacts 
between the long N-terminal helix of Sgfl11, 
Susl, and the ZnF-UBP domain. The loss of com- 
plex integrity is accompanied by a loss of ac- 
tivity, which is observed upon addition of 
increasing concentrations of EDTA, as well as 
increasing incubation time (fig. S6). In addition 
to dissociating Sgf73, which is known to com- 
promise DUBm activity (/0), it is also possible 
that the EDTA further affects enzymatic activity 
by chelating the zinc atoms in the enzymatic do- 
main of Ubp8 (Fig. 3, A and B). The importance 
of wild-type Sgf73 function is highlighted by 
the effect of polyglutamine expansions in the N 
terminus of the human homolog, ATXN7 (/8). 
These insertions of up to 300 glutamine residues 
compromise SAGA activity and give rise to 
defects in transcription (22). The polyglutamine 
expansion occurs near the N terminus of Sgf73 
(8), in the coil region between the first two 
helices (Fig. 1C). It is possible that large inser- 
tions in this region disrupt Sgf73 association with 
the other DUBm proteins, which compromises 
enzymatic activity or causes them to dissociate 
from the SAGA complex. Alternatively, polyglu- 
tamine tracts may cause Sgf73 to aggregate and, 
therefore, to fail to bind to the other DUBm 
proteins. 

The structures of the individual DUBm sub- 
units contain some unexpected features. The 
overall fold of the Ubp8 catalytic domain is very 
similar to that of other Usp proteins (/2). How- 
ever, the catalytic domain of Ubp8 contains two 
bound structural zinc atoms (Fig. 3, A and B) 
that have not been previously observed (/2). 
One of the bound zinc atoms (Fig. 3A) is located 
between helices a9 and a10 (see fig. S4 for 
numbering) and is coordinated by H170, C174, 
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Fig. 4. Interaction between the DUBm and substrate. (A) Alignment of apo 
Ubp8, Ubp8-Ubal, and USP8. In the apo USP8 structure, the fingers region is 
collapsed and cannot accommodate ubiquitin without a conformational change. 
(B) Structural changes in the region of the Ubp8 active site. Residues 228 to 233 
of the Ubp8 apoenzyme (red) are disordered in the absence of ubiquitin and a 
loop, 421 to 426, shifts into the groove where the C-terminal tail of ubiquitin 
(yellow) would bind. A second loop, which contains the active-site cysteine, C146, 


C182, and C185, whereas the second bound zinc 
(Fig. 3B) is located in a nonconserved loop re- 
gion between helices «12 and «13 and is co- 
ordinated by H250, C271, C273, and H276. 
Although these bound zinc atoms are not con- 
served among the vast majority of USP en- 
zymes, sequence comparisons indicate that both 
of these sites are conserved in the Ubp8 
homologs, human USP22 (fig. S4) and Dro- 
sophila Nonstop, which are SAGA DUBm 
subunits (/4, 75). Another interesting feature 
of Ubp8 is that the ZnF-UBP domain—which, in 
other USP enzymes such as Usp5, binds ubiquitin 
(23)—has its ubiquitin-binding face occluded in 
the DUBm structure. That region of the domain, 
which is centered around B strands 2 to 5 (fig. 
S4), is largely buried at the interface with Sgfl1. 
Although a role for ubiquitin binding to this 
domain cannot be ruled out when Ubp8 is not 
part of the observed complex, the absence of 
conserved ubiquitin-binding residues in Ubp8— 
as well as in the human homolog, USP22 (24)— 
makes this unlikely. Other ZnF-UBP domains 
that similarly lack conservation in the ubiquitin- 
binding residues and do not bind ubiquitin, such 
as in USP33 (25), may also play structural roles 
in those enzymes. 

A structure of Sus1 that was previously de- 
termined in complex with residues 1 to 33 of 
Sgfl1 (26) is virtually superimposable with the 
corresponding residues of Sgfl1 and Sus! in the 
DUBm complex (Fig. 3C). In the DUBm struc- 
ture, however, which contains the intact 96— 
amino acid Sgfl1 protein, the N-terminal Sgfl1 
helix is extended by an additional 10 amino acids 
at its C terminus; this presumably is due to the 
additional contacts with the Ubp8 ZnF-UBP 
domain (Figs. 1C and 3C). The ZnF-UBP do- 
main also contacts helix a1 of Sus! and likely 
helps to stabilize its interaction with Sgfl1. In 
the structure of Sus] bound to Sgf11(1-33), helix 


al of Sus] adopts widely variable orientations 
in the four complexes found in the asymmetric 
unit (26), only one of which contacts Sgfl1 and 
matches the closed conformation observed in 
the DUBm. The closed conformation of Sus! is 
also observed when it binds to Sac3 as part of 
the TREX-2 complex, which functions in mRNA 
export (27). Thus, the N-terminal helix of Sgfl1 
plays a scaffolding role similar to that of Sac3, 
which also forms a long o helix to which multi- 
ple proteins bind. 

A comparison of the ubiquitin aldehyde (Ubal) 
DUBm complex with the apo DUBm complex 
reveals that a number of structural changes oc- 
cur in Ubp8 when ubiquitin binds to the DUBm. 
The overall features of ubiquitin binding, includ- 
ing the arrangement of the catalytic residues, 
C146, H427, N443, and D444 (see fig. S7 for 
view of active-site residues in electron density), 
are similar to those seen in structures of other Usp 
enzymes bound to Ubal (2/, 28, 29). Ubiquitin 
binds to the fingers domain of Ubp8, with its 
hydrophobic face (including 144) interacting 
with the B sheet, whereas the C-terminal tail of 
ubiquitin binds in a conserved groove that leads 
to the active site (Fig. 1, A and D). In the absence 
of ubiquitin, a number of structural differences 
occur in Ubp8. The fingers region that binds 
ubiquitin in the complex remains in an open 
conformation in apo DUBm (Fig. 4A), but the 
zinc-binding module and several B strand 
residues become less well ordered, which 
results in weak electron density that could not 
be completely traced (fig. S8A). Nonetheless, 
the fingers domain does not appear to collapse 
and occlude the ubiquitin-binding pocket, as is 
seen in the structure of the human USP8 
apoenzyme (a Usp family member that is not 
an ortholog of yeast Ubp8) (30) (Fig. 4A). Most 
striking, however, are the changes that occur 
near the enzyme active site (Fig. 4B; electron 


maintains the same conformation in the presence and absence of ubiquitin and 
is stabilized by contacts with the Sgf11 zinc finger (magenta). The other active- 
site residues, H427, N443, and D444, also remain in the same orientation in 
both structures. (C) Structure of the DUBm showing a surface representation of 
Sgf73. The color scheme used is the same as in Fig. 1. (D) Electrostatic surface 
potential of the ubiquitin-binding face of the DUBm. The region of strong 
electropositive surface potential (blue) is due to the Sgf11 zinc finger. 


density shown in fig. S8). Seven Ubp8 residues 
located adjacent to the ubiquitin C terminus, 228 
to 233, are disordered in the absence of ubiquitin 
binding (Fig. 4B). In addition, loop residues 421 
to 426 move inward by up to 2.0 A toward the 
ubiquitin tail-binding groove (Fig. 4B). The 
loop and the disordered region contain residues 
that contact ubiquitin directly; this suggests 
that binding of the ubiquitin C-terminal tail 
triggers the observed conformational change. 
Despite these conformational differences, the 
active-site residues (C146, H427, N443, and 
D444) are in their catalytically competent 
orientation in both the presence and absence of 
ubiquitin (Fig. 4B and fig. S8B). This is in 
contrast to deubiquitinating enzymes, such as 
HAUSP/USP7 (2/), in which the active-site res- 
idues are not in a catalytically competent ar- 
rangement in the apoenzyme. 

How does complex assembly activate Ubp8? 
In the absence of the other DUBm proteins, we 
find that Ubp8 is only about 1/200,000th as ac- 
tive as the intact DUBm (fig. S9) and shows sub- 
stantial aggregation (fig. S10). A comparison 
of the DUBm structures with and without Ubal 
suggests that interactions among the DUBm 
proteins may stabilize a conformation of Ubp8 
that is catalytically competent and able to bind 
ubiquitin. In the active-site region, the Sgfl1 
zinc finger directly contacts the loop in Ubp8 
that contains the active-site cysteine, C146 (Fig. 
4B). These contacts with Sgfl1 may help to main- 
tain the active-site residues in a catalytically com- 
petent conformation even when the neighboring 
residues (229 to 235) become disordered. An- 
other way in which the other DUBm proteins may 
activate Ubp8 is by stabilizing a conformation 
of the fingers domain that favors binding of the 
globular portion of ubiquitin. The human USP8 
apoenzyme (not an ortholog of yeast Ubp8), for 
example, has a partially occluded ubiquitin- 
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binding pocket that would require a conforma- 
tional change to accommodate ubiquitin (Fig. 
4A). Because the B sheet of the Ubp8 fingers 
region is in an open conformation even in the 
absence of ubiquitin (Fig. 4A), it is possible that 
interactions between Ubp8 and the other DUBm 
subunits help to maintain a conformation that 
favors ubiquitin binding. Interactions of the up- 
per portion of the fingers domain with Sgf73 
helix «2 and with Sus! (Figs. 1A and 4C) form 
extensive contacts that may favor the open con- 
formation of Ubp8. Sgf73 may also play a gen- 
eral role in stabilizing the conformation of the 
Usp domain. Ubp8 forms the most extensive in- 
terface with Sgf73, with a total area of 3075 A, 
as compared with the other pairwise domain 
interactions in the DUBm. Note that Sgf73 is 
the “mortar” that holds together the two lobes of 
the DUBm complex (Fig. 4C); it promotes in- 
teractions between the two lobes and aligns 
Sgfll and Sus1, which also contact the Usp do- 
main at the interface between the two lobes. 
Although the structure of the Ubp8 Usp domain 
on its own is not known, it is possible that these 
extensive interactions with Sgf73 may also help 
to stabilize the overall USP fold or to affect 
protein dynamics in a way that favors the 
catalytically competent structure. 

The structure of the SAGA DUBm suggests 
how this module interacts with its natural, in 
vivo substrate, monoubiquitinated histone H2B 
within a nucleosome. The electrostatic surface 
potential of the DUBm (Fig. 4D) reveals a basic 
region that could favor interactions with the 
negatively charged DNA when the nucleosome 
is positioned with ubiquitinated K123 of H2B in 
the active site of Ubp8. This region of the DUBm 
is positively charged because of the zinc finger 
module of Sgfl1, which contains four basic res- 
idues (R78, R84, R91, and R95) (fig. S11) that 
are conserved in ATXN7L3, the human homo- 
log of Sgfl1. Two additional C-terminal arginine 
residues, R98 and R99, which are disordered in 


the structure but are also conserved in the human 
homolog, would further contribute to the strong 
positive charge in this region. Figure S12 shows 
a model for how a yeast nucleosome (3/) mono- 
ubiquitinated at K123 of H2B can dock on the 
DUBm, with ubiquitin in the active site as seen 
in the Ubal-bound structure (Fig. 1D). This ar- 
rangement brings the basic patch on the DUBm 
in close approach with the DNA, which favors 
interactions with the sugar-phosphate backbone. 
The interdependent structural and functional roles 
of the four SAGA DUBm proteins in mediating 
biochemical activity, substrate binding, and in- 
corporation into the larger SAGA complex is 
likely an example of how other subcomplexes 
of SAGA, and other coactivator and corepressor 
complexes, cooperate to regulate transcription. 
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Network Diversity and 
Economic Development 


Nathan Eagle,”’?* Michael Macy,?* Rob Claxton”? 


Social networks form the backbone of social and economic life. Until recently, however, data 
have not been available to study the social impact of a national network structure. To that end, we 
combined the most complete record of a national communication network with national census 
data on the socioeconomic well-being of communities. These data make possible a population-level 
investigation of the relation between the structure of social networks and access to socioeconomic 
opportunity. We find that the diversity of individuals’ relationships is strongly correlated with 


the economic development of communities. 


of social relations between individuals may 
affect a community’s economic develop- 
ment. More precisely, economic opportunities are 


To work suggests that the structure 


more likely to come from contacts outside a 
tightly knit local friendship group. Hence, highly 
clustered, or insular, social ties are predicted to 
limit access to social and economic prospects 


from outside the social group, whereas heteroge- 
neous social ties may generate these opportu- 
nities from a range of diverse contacts (/, 2). To 
date, however, the correspondence between 
network diversity and a population’s economic 
well-being has not been quantified, largely be- 
cause of the inability to obtain data that includes 
measures of network structure and economic 
development at the population level (3, 4). These 
data limitations have constrained related research 
to quantifying the effects of individual network- 
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tie formation. Previous studies have found that in- 
dividuals benefit from having social ties that bridge 
between communities. These benefits include access 
to jobs and promotions (5—/3), greater job mobility 
(/4, 15), higher salaries (9, 16, 17), opportunities for 
entrepreneurship (/8, 79), and increased power in 
negotiations (20, 2/). Although these studies sug- 
gest the possibility that the individual-level bene- 
fits of having a diverse social network may scale to 
the population level, the relation between network 
structure and community economic development 
has never been directly tested (22). 

As policy-makers struggle to revive ailing econ- 
omies, understanding this relation between net- 
work structure and economic development may 
provide insights into social alternatives to traditional 
stimulus policies. To that end, we analyzed the most 
complete record of a national communication net- 
work studied to date and coupled this social network 
data with detailed socioeconomic indicators to mea- 
sure this relation directly, at the population level. The 
communication network data were collected during 
the month of August 2005 in the UK. The data 
contain more than 90% of the mobile phones and 
greater than 99% of the residential and business 
landlines in the country. The resulting network has 
65 x 10° nodes, 368 x 10° reciprocated social ties, a 
mean geodesic distance (minimum number of direct 
or indirect edges connecting two nodes) of 9.4, an 
average degree of 10.1 network neighbors, and a 
giant component (the largest connected subgraph) 
containing 99.5% of all nodes (23). 

Although the nature of this communication 
data limits causal inference, we were able to test 
the hypothesized correspondence between social 
network structure and economic development 
using the 2004 UK government’s Index of Mul- 
tiple Deprivation (IMD), a composite measure of 
relative prosperity of 32,482 communities encom- 
passing the entire country (24), based on income, 
employment, education, health, crime, housing, 
and the environmental quality of each region (25). 
Each residential landline number was associated 
with the IMD rank of the exchange in which it was 
located, as shown in Fig. 1. Obtaining the socio- 
economic profile for a given telephone exchange 
area involves aggregating over the census regions 
within the exchange area. First we uniquely 
mapped each census region to the exchange area 
with which it has the greatest spatial overlap. We 
subsequently aggregated, for each exchange area, 
the population-weighted average of the IMD for 
the census regions assigned to each exchange: 

Lweighted = » Wixi ( 1) 
and = 


2 - 2 
O\eighted — Dili — Lweighted) (2) 
i= 


where x; is the census rank for the ith census 
region that makes up the exchange area and w; is 
the population weight of the ith census region 
given by the fraction of the total population of the 
exchange area residing in the ith census region. 


Fig. 1. An image of regional communication diversity and socioeconomic ranking for the UK. We find 
that communities with diverse communication patterns tend to rank higher (represented from light blue 
to dark blue) than the regions with more insular communication. This result implies that communication 
diversity is a key indicator of an economically healthy community. [(29) Crown copyright material is 
reproduced with the permission of the Controller of Her Majesty's Stationery Office] 


We then compared the IMD rank of each com- 
munity with diversity metrics associated with each 
member’s social network. Mobile numbers were 
included (along with landlines) in the calculation of 
the nonspatial diversity measures; however, they 
were not used to identify members of a community 
(because of insufficient data on spatial location). We 
developed two new metrics to capture the social and 
spatial diversity of communication ties within an 
individual’s social network. We quantify topolog- 
ical diversity as a function of the Shannon entropy, 


k 
H(i) = ~ Pi log (pj) (3) 
iF 
where k is the number of 7’s contacts and pj; is the 


proportion of 7’s total call volume that involves /, or 


Vij 

; (4) 
Yi 
j=l 


Pi = 


where V7; is the volume between node i and 7. We 
then define social diversity, Dgociai(7), aS the Shannon 


entropy associated with individual i’s communi- 
cation behavior, normalized by k: 


k 
~ LPI log(p;) 
= 


log(k) 


The above measure of topological diversity 
does not take into account the geographic diver- 
sity in the calling patterns within a community. 
We define a similar measure for spatial diversity, 
Dypatia(t), by replacing call volume with the geo- 
graphic distance spanned by an individual’s ties to 
the 1992 telephone exchange areas in the UK, 


Daociat (i) = (5) 


A 
~~ 2 Pia log (Pia) 

Dopatiat (7) = —— Tos(A) (6) 
in which p;, is the proportion of time i spends 
communicating with ath of A total exchange areas. 
High diversity scores imply that an individual 
splits her time more evenly among social ties and 
between different regions. 
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Fig. 2. The relation between social 
network diversity and socioeconomic 
rank. Diversity was constructed as a 
composite of Shannon entropy and 
Burt's measure of structural holes, 
by using principal component anal- 
ysis. A fractional polynomial was fit 
to the data. 
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Although both social and spatial network diver- 
sity scores were strongly correlated with IMD rank 
(r = 0.73 and r = 0.58, respectively), we found a 
weaker positive correlation present using number of 
contacts (7 = 0.44) and a negative correlation for 
communication volume (7 = —0.33). For example, 
whereas inhabitants of Stoke-on-Trent, one of the 
least prosperous regions in the UK, averaged a 
higher monthly call volume than the national aver- 
age, they have one of the lowest diversity scores in 
the country. Similarly prosperous Stratford-upon- 
Avon has inhabitants with extremely diverse net- 
works, despite no more communication than the 
national average. 

The strong association between diversity and 
IMD rank persists using other network diversity 
metrics, including Burt’s measure of “structural 
holes” (9). A structural hole is a missing relation 
between any two of a node’s neighbors, creating an 
open triad. Burt's seminal work showed that remu- 
neration within an organization increases with the 
number of structural holes that surround a node. Our 
results show that this relation scales to the level of 
communities, whose socioeconomic opportunities 
increase with the number of structural holes in the 
ego networks of the members (7 = 0.72). Moreover, 
a composite measure constructed via principal 
component analysis was an even better predictor 
of economic development than either component 
alone, as illustrated in Fig. 2 (7 = 0.78). 

By coupling the most complete population- 
level social network studied to date with community- 
level economic outcomes, we were able to validate 
a central assumption that is widely accepted in net- 
work science but was untested at the population 
level: Do more diverse ties provide greater access to 
social and economic opportunities? Although the 
causal direction of this relation—whether network 
diversity promotes opportunity or economic devel- 
opment leads to more diversified contacts—cannot 
be established, social network diversity seems to be 
at the very least a strong structural signature for the 
economic development of a community. On a pop- 
ulation level, the surprisingly strong correspondence 
we discovered between the structure of social con- 
tacts and the economic well-being of populations 
highlights the potential benefit of socially targeted 
policies for economic development. However, 
additional research will be required to derive reliable 
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policy implications. In particular, establishing the 
causal mechanisms underlying the observed corre- 
spondence between network diversity and economic 
development may require additional longitudinal 
social network and economic data (26-28). 
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Coadministration of a Tumor-Penetrating 
Peptide Enhances the Efficacy 


of Cancer Drugs 


Kazuki N. Sugahara,** Tambet Teesalu,** Priya Prakash Karmali,” Venkata Ramana Kotamraju,” 
Lilach Agemy,? Daniel R. Greenwald,? Erkki Ruoslahti?2+ 


Poor penetration of anticancer drugs into tumors can be an important factor limiting their efficacy. We 
studied mouse tumor models to show that a previously characterized tumor-penetrating peptide, iRGD, 
increased vascular and tissue permeability in a tumor-specific and neuropilin-1—dependent manner, 
allowing coadministered drugs to penetrate into extravascular tumor tissue. Importantly, this effect did 
not require the drugs to be chemically conjugated to the peptide. Systemic injection with iRGD improved 
the therapeutic index of drugs of various compositions, including a small molecule (doxorubicin), 
nanoparticles (nab-paclitaxel and doxorubicin liposomes), and a monoclonal antibody (trastuzumab). 
Thus, coadministration of iRGD may be a valuable way to enhance the efficacy of anticancer drugs while 
reducing their side effects, a primary goal of cancer therapy research. 


he therapeutic efficacy of many anticancer 
drugs is limited by their poor penetration 
into tumor tissue and by their adverse ef- 


fects on healthy cells, which limits the dose of 
drug that can be safely administered to cancer 
patients. In solid tumors, many anticancer drugs 
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penetrate only 3 to 5 cell diameters from the 
blood vessels, leading to reduced efficacy and the 
development of drug resistance (J, 2). We re- 
cently identified a tumor-penetrating peptide, 
iRGD (CRGDK/RGPD/EC) (3), that, when chem- 
ically conjugated to a drug, can carry the drug 
deep into extravascular tumor tissue (4). Like 
conventional RGD peptides, iRGD homes to 
tumors by initially binding to av integrins that are 
specifically expressed on the endothelium of tu- 
mor vessels (4-6). iRGD is then proteolytically 
cleaved in the tumor to produce CRGDK/R. The 
truncated peptide loses much of its integrin-binding 
activity, but gains affinity for neuropilin-1 (NRP-1) 
because of the C-terminal exposure ofa conditional 
C-end Rule (CendR) motif (R/KXXR/K) (7). The 
NRP-1 binding triggers tissue penetration, which 
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Fig. 1. Comparison of 
the drug-delivery effi- 
ciency of the iRGD com- 
bination regimen and 
conjugated drug delivery. 
(A and C) Nab-paclitaxel 
(ABX) quantification in 
orthotopic human breast 
tumor (BT474) (A) and 
human prostate tumor 
(22Rv1) (C) xenograft 
models. ABX with free 
iRGD (combination), ABX 
coated with iRGD (con- 0 
jugate), or ABX alone, 
was intravenously injected 
into tumor-bearing mice. 
Three hours later, ABX 12) piss 
was captured from tumor 
extracts with an antitaxol 
antibody, followed by 
detection with a human 
albumin antibody. n = 3 
mice per group for both 
(A) and (Q). (B and D) 
Long-term treatment of 
tumor mice with ABX. 
Mice bearing orthotopic 
BT474 (B) or 22Rv1 (D) 
tumors were intravenously 
injected with the indi- 
cated ABX formulations 
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every other day at 3 mg paclitaxeV/kg per injection or with phosphate-buffered 
saline (PBS) only. The treatment was continued for both 24 (B) and 16 days (D). 
n=8 per group (B) and 9 per group (D), respectively. Statistical analyses were 


is tumor-specific because the cleavage requires 
earlier binding of the peptide to integrins. These 
features confer on iRGD a tumor-specific tissue 
penetration activity. Here we explore whether the 
iRGD peptide can enhance cancer drug delivery 
and activity when it is administered as a combi- 
nation therapy with drugs that are not chemically 
conjugated to it. This would be advantageous 
because already approved drugs could be used 
without creating a new chemical entity, and be- 
cause coupling often interferes with drug activity. 

The activity of peptides and proteins that bind 
to NRP-1 through a C-terminal CendR motif can 
be demonstrated by monitoring vascular perme- 
ability (7-9). We examined whether the CendR- 
triggered vascular permeability may play a role in 
the iRGD tumor-penetrating activities using 
human tumor xenografts growing in immunode- 
ficient mice and in de novo mouse tumors growing 
in transgenic mice. Indeed, chemically synthesized 
iRGD peptide, when co-injected with the albumin- 
binding dye Evans blue (/0—/2), caused tumor- 
specific accumulation of the dye in all five tumor 
models that we tested (one breast cancer, two pros- 
tate cancers, and two pancreatic adenocarcinomas), 
including secondary invasion sites and dissemi- 
nated tumors (figs. SIA and S2, A and B). The 
accumulation of the dye was dependent on the 
dose of iRGD administered and peaked at ~400% 


more than the dye alone (fig. S1B). Non-CendR 
RGD peptides, RGD-4C (CDCRGDCFC) (/3) 
and cyclo(-RGDfk-) (/4), and a scrambled iRGD 
with no CendR motif (CRGDDGPKC) (here, 
bold letters indicate the position swap of amino 
acids) did not increase the permeability (figs. S1C 
and S2C). Preinjection of an antibody to NRP-1 
(anti-NRP-1) inhibited the iRGD-induced perme- 
ability (fig. SID). CRGDK, the truncated iRGD 
peptide with an exposed CendR motif, enhanced 
local vascular permeability in the skin in a dose- 
dependent manner (fig. S3) (7). When injected sys- 
temically, CRGDK increased permeability in the 
tumors, as well as in the lungs and heart. CRGDK 
was somewhat selective for the tumors, probably 
because of its residual affinity to integrins and the 
generally high expression of NRP-1 in tumors 
(fig. SIC) (4, 7, 15). 

The tumor-specific increase in tissue access 
mediated by iRGD suggests a way of improving 
the delivery of compounds to tumor parenchyma 
(fig. S4). A fluorescein-labeled non-CendR pep- 
tide CRGDC (FAM-CRGDC; 1.3 kD), which min- 
imally penetrates tumors by itself (4, 76), showed 
enhanced extravascular distribution upon iRGD 
co-injection (fig. SSA). The co-injection caused a 
300% increase in both of the FAM-CRGDC-— 
positive areas (fig. SSB) and the spreading of 
FAM-CRGDC (fig. SSC) in the tumors. We ob- 
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performed with Student's ¢ test in (A) and (C) and analysis of variance (ANOVA) 
in (B) and (D). Error bars denote mean + SEM. n.s., not significant; *P < 0.05; 
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tained similar results with 3- and 10-kD dextrans 
(fig. S5). Two nanoparticles, iron oxide nano- 
worms (/7) and T7 phage, also extravasated and 
showed enhanced accumulation in the tumor upon 
iRGD co-injection (fig. S6). These results show 
that iRGD can increase the tumor accumulation 
of compounds with different sizes and chemical 
properties. 

Intravenously injected molecules and nano- 
particles slowly extravasate into perivascular areas 
in tumor tissue through passive leakage (/8, 19). 
The rapid and deep tumor penetration of the probes 
co-injected with iRGD prompted us to study the 
possibility that CendR might be triggering an ac- 
tive transport process. To exclude circulatory effects, 
we used fresh explants of PPC-1 human prostate 
tumors in this study. Phage particles expressing the 
iRGD peptide on their surface (4), but not inert 
control phage, penetrated into PPC-1 prostate 
cancer xenograft explants, advancing ~4 mm in 
90 min (fig. S7). The penetration was inhibited 
by anti-NRP-1, sodium azide, and by lowering 
the temperature, suggesting that the penetration 
process was NRP-I— and energy-dependent. Im- 
portantly, inert phage penetrated into the explants 
in the presence of iRGD, but not with a control 
peptide. 

To study the effect of iRGD on drug delivery 
and efficacy, we administered the peptide as a 
combination therapy with several types of cancer 
drugs to mice bearing human tumor xenografts. 
We first compared the delivery efficiency of this 
combination regimen to that of the cancer drug 


Fig. 2. Enhanced antitumor A 
effect of free DOX co-injected 

with iRGD. (A and B) Mice bear- 

ing orthotopic 22Rv1 human 
prostate tumors were intra- 
venously injected with a mix- 

ture of DOX (10 mg/kg) and 

4 umol/kg of iRGD or PBS. 
Tumors and tissues were col- 

lected 1 hour later. n = 3 per 

group. In (A), the tumors were 
sectioned and stained for 

blood vessels with anti-CD31, 

and the native fluorescence 

was used to detect DOX. Scale Go 4s 
bars, 100 um. In (B), DOX in 

the tissues was quantified. (C) 1.2 
Mice bearing orthotopic 22Rv1 


tumors implanted 2 weeks ear- E 7 
lier received intravenous injec- = 08 
tions of DOX (1 or 3 mg/kg) or 2 

PBS, combined with 4 umol/kg z oe 
of iRGD or PBS, every other 5 oa 


day. The tumors were har- 

vested and weighed after 24 0.2 
days of treatment. n = 10 per 
group. (D) TUNEL staining was 
performed on tumors and hearts 
from the treatment study and 
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Free DOX + iRGD 


Free DOX: None 
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alone and to that of the cancer drug when it was 
chemically conjugated to the peptide. When in- 
travenously injected with iRGD, Nab-paclitaxel 
{abraxane (ABX)], a 130-nm nanoparticle con- 
sisting of albumin-embedded paclitaxel (4, 20), 
accumulated 12-fold more in orthotopic BT474 
human breast tumors than ABX given alone and 
penetrated far from the tumor vessels (Fig. 1A 
and fig. S8). Treatment of mice every other day 
with the ABX/iRGD combination inhibited the 
growth of BT474 tumors, which were resistant 
to equivalent doses of ABX alone (Fig. 1B). The 
combination was slightly more effective than the 
conjugated drug in inhibiting tumor growth, as 
well as in tumor accumulation, but the differ- 
ences did not reach statistical significance. Sim- 
ilar results were obtained in orthotopic 22Rv1 
human prostate tumors (Fig. 1, C and D). 

We next used another clinically relevant sys- 
tem to evaluate the effect of the combination 
therapy on the therapeutic index (a comparison of 
the dose needed to elicit a therapeutic effect to the 
lethal dose). Doxorubicin (DOX) and DOX lipo- 
somes have clinical activity in a number of tumor 
types, including prostate cancer (2/). We treated 
orthotopic 22Rv1 tumors with a combination of 
iRGD and DOX (0.6 kD). Free DOX co-injected 
with iRGD penetrated the tumors and accumu- 
lated sevenfold more in the tumors than DOX 
given alone (Fig. 2, A and B). The combination 
therapy that included 1 mg/kg DOX was as potent 
as 3 mg/kg DOX alone, a dose that reaches the 
cumulative maximum tolerated dose (Fig. 3C) 


Free DOX 


DOX accumulation fold free DOX alone OO 


TUNEL positive area 
fold non-treated group 


1 mg/kg 1 mg/kg 3mg/kg 3mg/kg None 


None iRGD None iRGD iRGD 


Free DOX: None 
Peptide: None None 


(22). Combining iRGD with 3 mg/kg of DOX 
potentiated the activity of DOX, inducing nearly 
complete tumor-growth inhibition (Fig. 2C). Tu- 
mors from both the 1- and 3-mg/kg DOX groups 
combined with iRGD showed stronger terminal 
deoxynucleotidyl transferase-mediated deoxy- 
uridine triphosphate nick end labeling (TUNEL) 
staining, an indicator of cell death, than tumors 
treated with 3-mg/kg DOX alone (Fig. 2D). Car- 
diotoxicity, the main dose-limiting toxicity of 
DOX, is manifested as cardiomyocyte apoptosis 
(23). The iRGD combination had the same car- 
diotoxicity as an equivalent dose of DOX alone 
(Fig. 2D). The body-weight shift was also the 
same, whether DOX was given alone or com- 
bined with iRGD (fig. $9). Similar results were 
obtained with orthotopic 4T1 mouse breast tu- 
mors (figs. S9 and S10). iRGD alone at the dose 
used in the combination group showed no effect 
on tumor growth (Fig. 2C), supporting the no- 
tion that the effects of the combination are due 
to improved drug penetration. 

We also tested DOX in a liposomal formula- 
tion (particle diameter = 120 nm). The results 
were similar to those with free DOX with regard 
to treatment efficacy (Fig. 3A), tumor accumula- 
tion of the drug (14-fold) (Fig. 3B), tumor pen- 
etration (fig. S11), and toxicity (Fig. 3C and fig. 
S9). In addition, we tested a non-CendR RGD in 
this system and found that it did not enhance the 
efficacy of the drug (Fig. 3A). These results indi- 
cate that, in comparison to drug administered 
alone, the iRGD combination therapy provides 
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was quantified for positive staining. Statistical analyses were performed with Student's t test (B) and ANOVA (C and D). Error bars denote mean + SEM. n.s., not 


significant; *P < 0.05; **P < 0.01; ***P < 0.001. 
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equivalent or better antitumor efficacy at a three- 
fold lower dose of the drug, with a commensurate 
reduction in toxicity. The results also show that 
this therapy regimen can be effective with drugs 
ranging in size from a small—molecular weight 
chemical (DOX) to nanoparticles (ABX, DOX 
liposomes). 

Finally, we tested the iRGD-combination 
regimen in mice bearing tumors derived from 
BT474 human breast tumor cells, which over- 
express HER2/neu/ErbB2. This growth-factor 
receptor is the target of trastuzumab, a therapeutic 
monoclonal antibody in clinical use for the treat- 
ment of breast cancer (24, 25). Co-injection of 
iRGD resulted in a 14-fold increase in trastuzumab- 
positive areas within the tumor (Fig. 4A). An 
enzyme-linked immunosorbent assay (ELISA) 
showed that iRGD enhanced the accumulation 
of trastuzumab in the tumors 40-fold; this in- 
crease is probably due to enhanced access and 
binding of the antibody to the tumor cells (Fig. 
4B). Combining trastuzumab with iRGD in- 
creased the drug potency at different trastuzumab 
dose levels (Fig. 4C). At a clinical dose (9 mg/kg), 
the combination eradicated all tumors in the 
mice, whereas the equivalent dose of trastuzumab 
alone only slowed tumor growth (Fig. 4C). The 
eradicated tumors did not relapse during a 2- 
week observation period after the treatment was 
stopped. 

The iRGD-mediated enhancement in drug pen- 
etration persisted even after more than 3 weeks of 
antibody treatment (figs. S12 and $13 for DOX 
and trastuzumab, respectively). However, the dif- 
ference between the combination and the drug 
alone was smaller than with single dosing (com- 
pare fig. S13B with Fig. 4A). This explains the 
lack of a linear relation between the single dosing 
of the drugs, which gave 7- to 40-fold more drug 
accumulation, and the long-term treatments, 
which gave 3-fold stronger antitumor effects. 

We also tested the possibility that 1RGD might 
have the adverse effect of enhancing metastasis by 
promoting intravasation of tumor cells. No mac- 
roscopic metastases were found in mice treated 
with iRGD. Immunofluorescence for human leu- 
kocyte antigens and quantitative polymerase 
chain reaction measuring human genomic DNA 
revealed no human cells in organs collected at the 
end of the treatments, and the low levels of DNA 
were similar in the iRGD and control groups in 
the BT474 and 22Rv1 models (figs. S14 to S16) 
(26, 27). 

The CendR penetration effect of the tumor- 
targeting methodology described here is distinct 
from the enhanced permeability and retention 
(EPR) effect: (i) EPR is a passive leakage from 
tumor vessels (/8, 19), whereas the CendR pen- 
etration is receptor-mediated and energy-dependent. 
(ii) CendR is more effective than the EPR (fig. 
S5). (iii) CendR causes extravasation within mi- 
nutes, whereas EPR requires 6 to 8 hours to peak 
(4, 18). (iv) Finally, CendR is effective with small 
molecules, whereas EPR is not (/8). However, 
there may be a CendR component in EPR, be- 
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Fig. 3. Enhanced antitumor effect of DOX liposomes co-injected with iRGD. (A) Nude mice bearing 
orthotopic 22Rv1 human prostate tumors implanted 2 weeks earlier received daily intravenous 
injections of DOX liposomes (1 or 3 mg/kg) or PBS, combined with 2 umol/kg of iRGD or cyclo(-RGDfK-) 
or PBS. The tumors were harvested and weighed after 17 days of treatment. n = 5 per group (left 
panel); n = 8 per group (right panel). (B) Mice bearing orthotopic 22Rv1 tumors were intra- 
venously injected with DOX liposomes (5 mg/kg), followed by 4 umol/kg of iRGD or PBS. The 
tumors and tissues were collected 3 hours later, and DOX in the tissues was quantified. n = 3 per 
group. (C) TUNEL staining was performed on tumors and hearts from the treatment study in (A) and 
was quantified for positive staining. Statistical analyses were performed with ANOVA [(A) left panel, 
and (C)] and Student's t test [(A) right panel, and (B)]. Error bars denote mean + SEM. n.s., not 


significant; *P < 0.05; **P < 0.01; ***P < 0.001. 


cause vascular endothelial growth factor—165 
(VEGF-165), which is involved in the process, 
has an active CendR motif (7, 8, /8). 
Administration of the tumor-penetrating pep- 
tide as a combination therapy bypasses two lim- 
itations of strategies in which the peptide is 
conjugated to the drug and delivered as a single 
agent: (i) The combination therapy does not re- 
quire drug modification, which may impair drug 
activity, and (ii) the capacity of the system is not 
exceeded as easily as that of the conjugate de- 
livery. Whereas delivery of the conjugated drug 


depends on a finite number of target receptors, 
delivery of the peptide and drug as separate en- 
tities triggers a bulk transfer of the bystander 
drugs into the tumor tissue (28). 

Attempts have been made to permeabilize 
tumor vasculature with VEGF and bradykinin for 
enhanced access of blood-borne molecules to 
tumor interstitium (29, 30), but the tumor speci- 
ficity has been limited. One possible advantage 
of iRGD is that systemic administration of this 
peptide results in a tissue penetration effect that 
appears to be selective for tumors. 
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Fig. 4. Enhanced antitumor effects of trastuzumab co-injected with iRGD. 
(A and B) Mice bearing orthotopic BT474 human breast tumors were 
intravenously injected with trastuzumab (3 mg/kg), followed by 4 umol/kg 
of iRGD or PBS. Tissues were collected 3 hours later. n = 3 per group. In 
(A), tumor sections were stained for trastuzumab with an antihuman 
immunoglobulin G antibody and were quantified for positive staining. 
Scale bars, 200 um. In (B), trastuzumab in the tissues was quantified with a 
competitive ELISA. n = 3 per group. (C) Tumor treatment study with 
coadministration of trastuzumab and iRGD. BT474 tumor mice were 
intravenously injected every 4 days with trastuzumab [at 3 or 9 mg/kg on 
the first day of treatment (day 0) and 1.5 or 4.5 mg/kg in subsequent 
injections] or PBS. The treatment was combined with daily injections of 
4 umol/kg iRGD or PBS on the days of trastuzumab injection and 2 umoV/kg 
iRGD or PBS on the other days. n = 10 per group. One of five experiments 
that gave similar results is shown. Statistical analyses were performed with 
Student's t test [(A) and (B)] and ANOVA (C). Error bars denote mean + 


SEM. n.s., not significant; *P < 0.05; **P < 0.01; ***P < 0.001. 
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We observed enhanced tumor-specific deliv- 
ery of the 10 different compounds that we tested 
(from a 0.6-kD molecule up to a 130-nm par- 
ticle), suggesting that the iRGD peptide might 
help improve the performance of a wide range of 
cancer drugs or tumor-imaging agents. Conceiv- 
ably, the system can be further improved—for 
example, by employing multimeric iRGD, struc- 
turally stabilized iRGD, other tumor-homing 
CendR peptides (3/—34) or peptide combinations, 
or by optimization of the dosing and administra- 
tion schedules. Moreover, the efficacy and the 
specificity of the iRGD-mediated delivery remain 
to be shown in human patients. Human tumor 
vessels and tumor cells express the relevant av 
integrins (5, 6) and NRP-1 (75), and iRGD and its 
fragment bind to them (4), suggesting that the 
system will translate to the treatment of human 
cancer. Increasing the therapeutic index of stan- 
dard therapy may enhance efficacy while reducing 
toxicity, the primary goal of modern cancer 
therapy. 
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Five-Vertebrate ChIP-seq Reveals 
the Evolutionary Dynamics of 
Transcription Factor Binding 


Dominic Schmidt,”2* Michael D. Wilson,”’2* Benoit Ballester,?* Petra C. Schwalie,? 
Gordon D. Brown,” Aileen Marshall,*“ Claudia Kutter,’ Stephen Watt,” Celia P. Martinez-Jimenez,” 
Sarah Mackay,° lannis Talianidis,” Paul Flicek,*”+ Duncan T. Odom? 


Transcription factors (TFs) direct gene expression by binding to DNA regulatory regions. To explore 
the evolution of gene regulation, we used chromatin immunoprecipitation with high-throughput 
sequencing (ChIP-seq) to determine experimentally the genome-wide occupancy of two TFs, 
CCAAT/enhancer-binding protein alpha and hepatocyte nuclear factor 4 alpha, in the livers of five 
vertebrates. Although each TF displays highly conserved DNA binding preferences, most binding 

is species-specific, and aligned binding events present in all five species are rare. Regions 

near genes with expression levels that are dependent on a TF are often bound by the TF in multiple 
species yet show no enhanced DNA sequence constraint. Binding divergence between species can be 
largely explained by sequence changes to the bound motifs. Among the binding events lost in one 
lineage, only half are recovered by another binding event within 10 kilobases. Our results reveal large 
interspecies differences in transcriptional regulation and provide insight into regulatory evolution. 


and transcriptional regulation is central to 
understanding species-specific biology, dis- 
ease, and evolution (/). Identifying the divergence 
and conservation among functional regulatory ele- 


T= relationship between genetic sequence 
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Fig. 1. CEBPA binding in vivo in livers 
isolated from five vertebrate species 


cross-mapped to the human PCK1 gene 3 = 
locus. A rare ultraconserved binding o = 
event is shown surrounded by species- ‘= 
specific and partially shared binding = 


events. On the left is the evolutionary 
tree of the five study species (Hsap, 
Homo sapiens; Mmus, Mus musculus; 
Cfam, Canus familiaris; Mdom, Mono- 
delphis domesticus; Ggal, Gallus gallus), 
with their approximate evolutionary dis- 
tance in millions of years ago (MYA). The 
bottom track shows evolutionary conser- 
vation measured across 44 vertebrate 
species, and darker shading represents 
slower evolution. 
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ments is an important goal of comparative genomic 
research, and this is often done via DNA sequence 
comparisons using distant (2) and closely related 
species (3). Although both approaches have suc- 
cessfully identified conserved regulatory regions, 
the majority of transcription factor (TF) binding 
events can change rapidly between closely related 
species, making them difficult to detect using DNA 
sequence alone (4-7). For instance, the experimen- 
tally determined binding events for homologous 
TFs found in mouse and human livers are unlikely 
to align with each other (7), despite conservation of 
their functional targets (8) and global liver tran- 
scription (9). The evolution of mammalian tran- 
scriptional regulation remains largely unexplored 
beyond limited mouse-human comparisons. 

We therefore identified the genome-wide bind- 
ing of two TFs: (i) CCAAT/enhancer-binding 
protein alpha (CEBPA) in the livers of species 
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representing five vertebrate orders: human (pri- 
mate), mouse (rodent), dog (carnivora), short- 
tailed opossum (didelphimorphia), and chicken 
(galliformes); and (ii) hepatocyte nuclear factor 
4 alpha (HNF4A) in livers from humans, mice, 
and dogs. Chromatin immunoprecipitation ex- 
periments were combined with high-throughput 
sequencing (ChIP-seq) using healthy, nutritionally 
unstressed adult livers from the heterogametic sex 
as a functionally and transcriptionally conserved 
homologous tissue type (Fig. 1 and fig. S1) (8, 70). 

CEBPA and HNF4A were selected as repre- 
sentative TFs within the liver-specific regulatory 
network, because both are conserved and con- 
stitutively expressed with well-characterized tar- 
get genes (/0, //). In addition, they represent 
distinct TF classes, and the DNA binding domains 
of each factor’s orthologs are nearly identical 
among the study species (fig. S2). 

The genomic TF occupancy data were repro- 
ducible between different individuals of the same 
species (fig. S3) and were validated by using alter- 
native antibodies (fig. S4). Using a mouse carrying a 
human chromosome, we confirmed that genetic se- 
quence, and not diet, lifestyle, or environment, is the 
primary determinant of liver-specific TF binding 
(fig. S5) (12). Given the greater evolutionary distance 
to opossum and chicken, contributions from non- 
genetic sources could be higher in those vertebrates. 

We identified TF-bound regions using a dy- 
namic programming algorithm, and our results 
were robust to different peak-calling thresholds 
(figs. S6 to S8) (73). To detect TF binding events 
shared among any combination of the five verte- 
brates, we used the Ensembl 12-way multispecies 
alignment (/4), which incorporates approximately 
half of each species’ genome into global alignments. 
Our findings did not substantially change with an 
alternate methodology that used pairwise align- 
ments in a separate algorithm (figs. S6 to S8) (73). 

Each TF bound between 16,000 and 30,000 lo- 
cations in each mammalian genome; CEBPA bound 
approximately half this number in the smaller chicken 
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genome (Fig. 2 and figs. S6, S7, and S9). For both 
factors, less than a quarter of bound regions were 
within 3 kb of known transcription start sites (TSSs). 
Between 30 and 50% of the binding sites of the two 
TFs overlapped in the genome (table S1). These 
overlapping sites did not exhibit substantially dif 
ferent characteristics in the conservation of under- 
lying genetic sequence than the sites of CEBPA and 
HNF4A did when considered individually. 

For these two liver-specific TFs, binding events 
appear to be shared 10 to 22% of the time between 
mammals from any two of the three placental 


Fig. 2. Conservation and di- A 
vergence of TF binding. For 
(A) CEBPA and (B) HNF4A, 
the pairwise distribution and 
numbers of binding events 
are shown as a pie chart dis- 
tributed into the following 


segments: intergenic (red), Hsap 
intronic (yellow), exonic (blue), 
and promoter (TSS +3 kb) @ —oe 
(green) regions. The left-most Mmus 
column contains the distribu- 
tions of the bulk genomes. 
The right-most pie chart rep- D nt 
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tispecies CEBPA and HNF4A 
binding event analysis, where 
black circles indicate bind- d w 
ing in a given species. For in- Ggal 
stance, there are 764 regions 
bound by CEBPA only in dog 
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S7, and $17 and tables $2 > 
and $6). (E) The DNA sequence = 
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lineages we profiled, separated by approximate- 
ly 80 million years of evolution (figs. S6 and S7). 
This result reveals a rapid rate of evolution in 
transcriptional regulation among closely related 
vertebrates. Nevertheless, the number of CEBPA 
and HNF4A TF binding events shared between 
any two of our five study species is far greater 
than could have occurred by chance (fig. S10). 

We used the genome-wide binding of CEBPA 
in opossum to test the hypothesis that regulatory 
regions have diverged substantially between eu- 
therian and metatherian mammals (/5). Opossum 
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indeed showed dramatic changes in TF bind- 
ing, and only between 6 and 8% of the genomic 
regions that are occupied by CEBPA in opos- 
sum liver align with CEBPA binding events also 
found in mouse, dog, and/or human livers. This 
divergence was even greater in chickens, which 
shared only 2% of CEBPA binding with humans, 
demonstrating extensive and continuous rewir- 
ing of gene regulation during vertebrate evolu- 
tion that corresponds to evolutionary distance. 
Ultraconserved noncoding regions are re- 
vealed by comparative genomic sequencing (/6). 
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We identified ultrashared interactions between 
CEBPA and the vertebrate genome as binding 
events that were preserved over the 300 million 
years of evolution and thus were found in aligned 
positions in all five species: human, mouse, dog, 
opossum, and chicken. Using our most stringent 


Fig. 3. DNA binding spe- A 
cificities of CEBPA and 
HNF4A are highly con- 
served during vertebrate 
evolution. (A) The known 
sequence motifs were iden- 
tified de novo in each spe- 
cies interrogated (13), and 
found within almost all 
binding events (fig. $12). 
(B) Multiple aligned mo- 
tif occurrences are highly 
associated with binding 
events shared among three 
or more species. Peaks are 
categorized by the num- 
ber of species in which 
they are shared, and the 
fraction of peaks with 0 
(blue), 1 (gray), and 2 or 
more (red) aligned motifs 
are shown. 
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threshold, a set of 35 binding events were found 
to be shared by all five vertebrate species, and 
these binding events are almost invariably near 
genes that are central to liver-specific biology 
(Fig. 2C, tables S2 and S3). Although these ultra- 
shared binding events are close to important liver- 
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specific genes, they make up less than 0.3% of 
the total CEBPA binding found in humans. 
About 250 direct functional HNF4A target 
genes have recently been identified by using 
multiple independent methodologies in mouse 
and human, including perturbation analysis in 
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both species (8). We experimentally identified a 
similar set of transcriptional target genes whose 
expression is dependent on CEBPA in adult mouse 
livers by using a conditional knock-out strategy 
(/7). In mammals, the target genes for both TFs 
have a disproportionate fraction of binding events 
that are shared in at least two species (P value < 
1 x 10 >) (table $4). CEBPA binding near direct 
target genes did not overlap with the binding 
events shared by five species. 

We further compared our results to a set of 53 
regulatory sequences within known, authentic 
liver enhancers in humans (table S5) (78). Thirty- 
eight of these regulatory sequences were located 
within nine HNF4A-bound regions. CEBPA bind- 
ing overlapped with five of these HNF4A-bound 
regions, and we also found that five of the nine 
HNF4A binding events were bound by HNF4A 
in more than one species. Overall, these findings 
suggest that functional targets are enriched for 
TF binding events found in multiple species. 

Mammalian TF binding studies have sug- 
gested that functional enhancers show increased 
sequence constraint (/9). As expected, the rela- 
tively few binding events shared among three or 
five species showed increased sequence constraint. 
The sequence constraint, which was evaluated by 
genomic evolutionary rate profiling (GERP) 
scores (20), in bound regions near functional tar- 
gets was similar to that for all bound regions 
for both TFs, and these results were robust to the 
method applied. Regions bound by both CEBPA 
and HNF4A have sequence constraint patterns 
similar to those found for each factor analyzed 
independently (Fig. 2E and fig. S11). In sum, TF 
binding events near functional targets showed 
enhanced sharing between species, without a cor- 
responding increase in sequence constraint. 

DNA binding specificities of TFs show re- 
markable diversity and complexity (2/), yet few 
studies have compared specificities of orthologous 
TFs among multiple species. The motifs we di- 
rectly determined from experimental binding data 
showed that in vivo bound consensus sequences 
remained virtually unchanged during vertebrate 
evolution, despite most binding events being 
species-specific (Fig. 3A and fig. S12). Neither 
the quality of a bound motif, as determined by 
its similarity to the consensus, nor the regional 
ChIP enrichment, as measured by sequencing 
read depth, was correlated with the conservation 
of TF binding events (fig. S13). 

Searching for the sequence features that are 
associated with shared binding events, we dis- 
covered that binding events shared by more spe- 
cies contain more aligned motifs (Fig. 4B). These 
shared regions represent examples of deeply con- 
served regulatory architecture featuring multiple 
motifs at specific sequence locations maintained 
through vertebrate evolution. The most conserved 
of these, the five-way ultrashared sites, also ex- 
hibit the strongest sequence constraint (Fig. 2E). 

To explore the genetic mechanisms underly- 
ing the divergence of TF binding, we identified 
potentially lost CEBPA and HNF4A binding 


events. A binding event was assumed to be lost 
if it was not present in one placental mammal yet 
was experimentally found at aligned, orthologous 
regions in the other two placental mammals. 
Using parsimony, this situation is best explained 
by an ancestral TF binding event present before 
the mammalian radiation that was subsequently 
lost along one lineage. 

The lost binding events were categorized by 
the sequence changes to the alignable binding 
motifs within the orthologous regions of the other 
species (Fig. 4). Between 20 and 40% of the 
motifs associated with lineage-specific binding 
event losses were unchanged. These regions may 
represent cases of epigenetic redirection, yet-to- 
be characterized single-nucleotide polymorphisms 
(SNPs) or indels, or loss of nearby genomic bind- 
ing partners. A larger fraction of the absent bind- 
ing events was associated with motifs whose 
disruption could be assigned to base pair substi- 
tutions, indels, and gaps in the alignment. Across 
all the vertebrate species, indels appear to be 
associated with loss of the underlying sequence 
motif a third as often as mismatches. A four- 
mammal analysis, using opossum as an outgroup, 
afforded similar results (fig. S14). Analogous 
mechanisms appear to explain species-specific 
gains of TF binding events (fig. S15). Taken 
together, the steady accumulation of small changes 
in the genetic sequence appears to rapidly remodel 
thousands of TF binding sites in mammals. 

Approximately half of lineage-specific losses 
of TF binding showed evidence of nearby com- 
pensatory binding events (Fig. 4B). A quarter of 
species-specific losses had a nearby (+10 kb) 
gained binding event that is unique to the same 
lineage (unshared turnover), and an additional 
quarter of the losses had a nearby binding 
event that is shared in one or more other species 
(shared turnover) (fig. S16). The latter case sug- 
gests the existence of a cluster of binding events 
in the common ancestor. In both cases, the prob- 
ability of finding a turnover decreased rapidly 
with distance from the loss (fig. S16), but a 
shared turnover was typically closer to the site 
of the loss than was an unshared turnover [P 
value < 1.0 x 10°'° (CEBPA) and P value < 1 x 
10-5 (HNF4A)]. 

Understanding the evolutionary dynamics of 
TF binding is essential to understanding the evo- 
lution of gene regulation. Many comparative ge- 
nomics approaches assume that a multispecies 
alignment of a high-quality motif is indicative 
of functionality (20, 22-27). Our analysis of ex- 
perimentally determined in vivo occupancy of 
two TFs in multiple vertebrates revealed ap- 
parent limitations to this model and a number 
of other insights about the complex relationship 
between genetic sequence, TF binding, and ge- 
nome regulation. 

First, the vast majority of ChIP-identified TF 
binding events are unique to each vertebrate spe- 
cies; in mammals, the binding events that occur 
within species-specific, repetitive DNA are more 
common than conserved binding events. Sec- 
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ond, ultrashared TF binding events, which are the 
functional counterpart of ultraconserved sequences, 
appear rarely in vivo among all five vertebrates. 
Third, only approximately half of the binding 
events that are lost in one placental mammal yet 
present in at least two others are potentially re- 
covered by nearby turnover events. Fourth, neither 
motif nor strength of TF binding correlate with 
conservation of a TF’s genomic occupancy. Alter- 
ations in the DNA binding specificity of CEBPA 
and HNF4A cannot account for rapid binding di- 
vergence, nor can species-specific environmental 
differences (/2). 

Nevertheless, comparing binding events with- 
in 10 kb of the TSS of experimentally deter- 
mined target genes of CEBPA and HNF4A has 
shown that binding events near these genes are 
more likely to be shared with other species, al- 
though this does not correspond to an increase 
in sequence constraint. In fact, the set of the ul- 
trashared, five-way binding events is entirely 
disjoint from the set of genes that are directly 
dependent on CEBPA in adult liver. For HNF4A, 
only 6% of binding events shared across three 
placental mammals (Fig. 2D) are near the highest- 
quality functional target genes, namely, those 
genes that depend on HNF4A for proper expres- 
sion in both mouse and human. Given that most 
TFs are active in multiple cell types (28), it is 
possible that the remaining shared sites are ac- 
tive in other tissues or other developmental stages. 
Indeed, the ultrashared CEBPA binding events 
are uniformly found near liver-specific genes 
that would be expected to be up-regulated upon 
liver organogenesis. Conversely, those binding 
events near functional targets in adult liver that 
are neither shared nor show signs of sequence 
constraint may represent lineage-specific regu- 
latory interactions. 

The preponderance of species-specific bind- 
ing and the rapid lineage-specific loss of binding 
events suggests that a sizeable majority of specific 
TF-DNA interactions could be evolving neutral- 
ly. Liver-specific TFs and subsequent gene ex- 
pression are both highly conserved; the rapid 
gain and loss of binding events may be indica- 
tive of compensatory changes that maintain lo- 
cal concentrations of TF binding near functional 
targets (29). Indeed, a recent computational ap- 
proach that uses a high concentration of TF bind- 
ing motifs, regardless of their alignment, showed 
improved ability to predict regulatory interac- 
tions (30). 

Despite the rapid gain and loss of TF binding 
events in mammals, tissue-specific gene regu- 
lation seems to be maintained by identifiable 
regulatory architectures that can be independent 
of sequence constraint. 
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pH Sensing by Intracellular Salmonella 
Induces Effector Translocation 


Xiu-Jun Yu, Kieran McGourty, Mei Liu, Kate E. Unsworth,* David W. Holdent 


Salmonella enterica is an important intracellular bacterial pathogen of humans and animals. 

It replicates within host-cell vacuoles by delivering virulence (effector) proteins through a vacuolar 
membrane pore made by the Salmonella pathogenicity island 2 (SPI-2) type III secretion system 
(T3SS). T3SS assembly follows vacuole acidification, but when bacteria are grown at low pH, 
effector secretion is negligible. We found that effector secretion was activated at low pH from 
mutant strains lacking a complex of SPI-2—encoded proteins SsaM, SpiC, and SsaL. Exposure 

of wild-type bacteria to pH 7.2 after growth at pH 5.0 caused dissociation and degradation 

of SsaM/SpiC/SsaL complexes and effector secretion. In infected cells, loss of the pH 7.2 

signal through acidification of host-cell cytosol prevented complex degradation and effector 
translocation. Thus, intravacuolar Salmonella senses host cytosolic pH, resulting in the degradation 
of regulatory complex proteins and effector translocation. 


ype III secretion systems (T3SSs) are 
| assembled in the cell envelope of many 
Gram-negative bacterial pathogens. They 
secrete three classes of proteins: subunits of a 
surface-exposed needle-like structure; translocon 
proteins, which form a pore in host membranes; 
and effectors, which pass through the needle 
channel and translocon pore into the host cell, 
where they manipulate cellular processes and 
promote bacterial virulence (/). Translocon pore 
assembly must precede effector translocation, 
and it is thought that upon assembly of the pore, 
bacteria sense host cell signals to activate effector 
secretion. The physiological signals and mecha- 
nisms underlying transition from translocon to 
effector secretion are not understood. 
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Assembly of the Salmonella pathogenicity 
island 2 (SPI-2) T3SS in vivo occurs after acid- 
ification of Salmonella-containing vacuoles (SCVs) 
to pH ~5.0 (Fig. 1A) (2, 3). Bacteria grown in 
vitro at pH 5.0 secrete translocon proteins but 
negligible levels of effectors (4). SPI-2-encoded 
SsaL is a member of the YopN/InvE/MxiC/SepL 
family of regulatory proteins found throughout 
T3SSs of animal pathogens (5) and is required 
for secretion of the translocon proteins SseB and 
SseD (6). To study regulation of the translocon-to- 
effector switch, we examined protein secretion 
from a Salmonella enterica serovar Typhimurium 
(S. Typhimurium) ssaZ mutant after growth at pH 
5.0 in vitro (7). This strain displayed enhanced 
secretion of chromosome-expressed double hemag- 
glutinin (2HA)tagged SPI-2 T3SS effector SseJ 
(Fig. 1B) and chromosome or plasmid-expressed 
SseF (fig. S1) and did not secrete translocon pro- 
teins SseB or SseC (Fig. 1, B and C). The se- 
cretion pattern for SseJ-2HA and translocon 
proteins was restored to wild type by introduction 
of a plasmid expressing SsaL-2HA (Fig. 1C). 
There was no detectable secretion of SseB or ef- 


fectors by an ssaV mutant strain, which has a 
nonfunctional SPI-2 T3SS (Fig. 1B). The ssaL 
mutant phenotype is very similar to that of strains 
lacking SPI-2—encoded SpiC or SsaM (Fig. 1B) 
(4). Thus SsaL, SsaM, and SpiC are all required 
for secretion of translocon proteins and suppress 
the secretion of effectors under conditions that 
simulate the vacuolar environment (Fig. 1A). 

SpiC and SsaM form a complex (4). To de- 
termine whether SsaL interacts with the SpiC/SsaM 
complex when produced at physiological levels, 
we constructed a bacterial strain in which chro- 
mosomal copies of spiC, ssaM, and ssaL were 
replaced with versions expressing epitope-tagged 
proteins (SpiC-2HA, T7-SsaM, and SsaL-3Flag). 
This strain (wt-3tag) was indistinguishable from 
the wild-type strain in terms of intracellular rep- 
lication and SPI-2 T3SS effector-dependent tu- 
bule formation in infected cells, indicating a 
functional T3SS (fig. S2). The wt-3tag strain and 
an isogenic mutant lacking endogenous or epitope- 
tagged SpiC (spiC) were grown at pH 5.0, and 
whole-cell lysates were immunoprecipitated with 
an antibody to T7. SsaL-3Flag was coprecipitated 
from the wt-3tag strain but not from the spiC 
mutant (Fig. 1D). Co-immunoprecipitation and 
pull-down experiments also showed that the 
C-terminal 18 amino acids of SsaM were required 
for interaction with SpiC (4) and SsaL (Fig. 2A). 
Thus, SsaL, SsaM, and SpiC form a complex 
when bacteria are grown at pH 5.0 (Fig. 1A). 

To determine whether an intact complex is 
necessary to suppress effector secretion at pH 
5.0, we constructed three small deletion mutants 
in an N-terminal region of SsaL corresponding to 
the chaperone-binding domain of YopN (fig. S3), 
which is necessary for its interaction with SycN 
and YscB (8). These mutants, and a truncated 
SsaM protein lacking its 18 C-terminal amino 
acids, all prevented formation of the ternary com- 
plex (Fig. 2, A and B) and caused the same 
phenotype as individual null mutants: no detect- 
able translocon secretion and greatly enhanced 
effector secretion at pH 5.0 (Fig. 2, C and D). 
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Thus, an intact ternary complex is necessary to 
promote translocon secretion and to suppress 
effector secretion at pH 5.0. 

The ssaM, spiC, and ssaL mutant phenotypes 
raised the possibility that their corresponding 
proteins might regulate the secretion switch in 
infected cells once the translocon pore has been 
assembled. The translocon spans the membrane 
separating the vacuole lumen (pH ~S.0) (9) from 
the cytosol (pH 7.2). We tested whether a shift in 
ambient pH from 5.0 to 7.2 enhanced SPI-2 
effector secretion by using wild-type bacteria in 
vitro. Bacterial strains expressing either SseJ- 
2HA or SseF-2HA were grown at pH 5.0 for 4 
hours in order to activate the SPI-2 T3SS and 
then exposed to pH 7.2 or 5.0. Secretion of these 
and other effectors was enhanced by an order of 
magnitude when wild-type bacteria were sub- 
jected to pH shift (Fig. 3A and fig. S4A). The 
overall amounts of each secreted protein were 
similar to those secreted by the spiC mutant strain 
at pH 5.0 or after shift to pH 7.2, and there was no 
detectable secretion by the ssaV mutant strain 
(Fig. 3A). In contrast, intrabacterial and secreted 
levels of SseB were reduced by approximately 
50% after pH shift (fig. S4A). Inhibition of pro- 
tein synthesis showed that the pH shift enhanced 
the secretion of preformed effectors, suggesting 
that it acted on the T3SS apparatus or associated 
proteins (fig. S4B). Enhanced secretion of SseF- 
2HA was detected at pH 6.4 and reached maximal 
levels at pH 6.8 (fig. S4C). Thus, wild-type bacte- 
ria respond to an extracellular pH shift from 5.0 
to 7.2 by reducing SseB levels and triggering 
effector secretion. 

To determine whether host cytosolic pH 
(pHcyt) acted as a signal for the secretion switch, 
digitonin was used to selectively permeabilize 
plasma membranes of infected epithelial cells 
exposed to external media at different pH (pHe). 
After digitonin permeabilization, pHcyt was re- 
duced by pHe 6.0, but SCV luminal pH remained 
within the normal range (fig. S5). Secreted SseB 
was detected at similar levels in untreated and 
permeabilized cells at pHe 6.0 (Fig. 3B). Trans- 
location of SseF-2HA was detected in over 90% 
of infected permeabilized cells at pHe 7.2 (Fig. 
3C) but in less than 13% of infected cells at pHe 
6.0 (Fig. 3C). This inhibition was reversed if 
pHe was subsequently raised to 7.2 (Fig. 3C). 
Thus, we have observed a pH-dependent, revers- 
ible inhibition of effector translocation, which 
suggests that near-neutral host cytosolic pH is 
necessary for effector delivery across the vacuolar 
membrane. 

We next investigated SsaL/SsaM/SpiC com- 
plex integrity in bacteria after pH shift. The wt- 
3tag strain was grown at pH 5.0 for 4 hours and 
then exposed to pH 7.2 for 1 hour. Because sub- 
strate recognition in T3SSs involves proteins 
associated with the secretion machinery in the 
bacterial inner membrane (/), bacterial cells were 
lysed and separated into membrane and cytosolic 
fractions. Membrane-associated SpiC-2HA was 
immunoprecipitated and immunoblots probed 


so as to detect SsaL-3Flag and T7-SsaM. As ex- 
pected, both proteins were co-precipitated at pH 
5.0, but neither was detected when SpiC-2HA 
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tor secretion, and interacts 
with SsaM and SpiC. (A) 
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was precipitated from membranes of cells shifted 
to pH 7.2 (Fig. 4A). When T7-SsaM was immu- 
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plasmid expressing Ssal-2HA was introduced into the ssal deletion mutant, and secreted levels of SseJ-2HA, 
SseB, and SseC were compared with the ssa mutant by means of immunoblotting. (D) Interaction between 
SpiC-2HA, T7-SsaM, and SsaL-3Flag. In the wt-3tag strain, spiC, ssaM, and ssal are replaced with versions 
expressing epitope-tagged proteins. This and an isogenic strain lacking SpiC (spiC) were grown in minimal 
medium pH 5.0, and whole-cell lysates were immunoprecipitated with an antibody to T7. The presence of 
the three proteins was detected in input samples (input) and after immunoprecipitation (output) by means 


of immunoblotting. 
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Fig. 2. Phenotypes of SsaL and SsaM variants that block 
ternary complex formation. (A) The SsaL/SpiC/SsaM 
complex requires the C-terminal 18 amino acids of SsaM. 
A strain expressing SsaL-3Flag, glutathione S-transferase 
(GST)-SpiC, and either SsaM-2HA or a nonfunctional ver- 
sion lacking its C-terminal 18 amino acids (SsaMy4-2HA) 
(4) were grown in minimal medium pH 5.0, and whole 
lysates were used for GST pull-down (GST-SpiC) or immu- 
noprecipitation (SsaL-3Flag, SsaM-2HA, and SsaM,,- 
2HA). (B) Plasmids encoding T7-SsaM and 2HA-tagged 
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SsaL or mutant variants were introduced into an ssal 
deletion mutant. Whole bacterial lysates were immunoprecipitated with antibody to HA. SsaL-2HA and T7- 
SsaM were detected in input samples (input) and after immunoprecipitation (output) by means of 
immunoblotting. (C) The ssal deletion strain expressing SseB and SseJ-2HA, and SsaL or mutant variants from 
a plasmid, were grown in minimal medium pH 5.0 for 5 hours. Secreted fractions were analyzed by means of 
immunoblotting for SseB and SseJ-2HA. (D) The wild-type strain, an ssaM mutant, and the mutant with or 
without a plasmid expressing SsaM-2HA or SsaM94-2HA were grown at pH 5.0 and analyzed as in (C). 
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Fig. 3. Effect of pH on effector secretion and translocation. (A) Bacterial strains were grown in 
minimal medium pH 5.0 for 4 hours, then exposed to pH 5.0 or 7.2 for 90 min. Secreted and 
bacteria-associated (lysate) 2HA-tagged effectors and DnaK were examined by means of 
immunoblotting. (B) HeLa cells were infected with wild-type or ssaV mutant Salmonella for 3.5 
hours in order to allow expression of the SPI-2 T3SS, then some samples were permeabilized with 
digitonin and exposed to pHe 6.0. Cells were fixed 2.5 hours later and immunolabeled in order to 
detect Salmonella and secreted SseB. (C) Hela cells were infected for 3.5 hours with wild-type Salmonella expressing SseF-2HA, then permeabilized with 
digitonin and exposed to pH 6.0 or 7.2 for a further 2.5 hours. In one sample, pHe was changed from 6.0 to 7.2, 1 hour before fixation. Fixed cells were 
immunolabeled to detect Salmonella, LAMP-1, and SseF-2HA. In (B) and (C), values below the images represent the percentage of cells in which secreted 
SseB or translocated SseF-2HA was detected, +SE of three experiments (n > 100 cells per experiment). Scale bars, 2 um. 


bacteria at pH 5.0, both SsaL-3Flag and SpiC- 
2HA were co-precipitated, but not after shift of 
bacteria to pH 7.2 (Fig. 4A). Thus, an increase 
in extracellular pH leads to dissociation of the 
membrane-bound SsaL/SsaM/SpiC complex. 
We were unable to detect secretion or trans- 
location of SsaM, SpiC (4), or SsaL (fig. S6). To 
study the stability of SsaL and SsaM after pH 
shift, the wt-3tag strain grown at pH 5.0 was ex- 
posed to either pH 5.0 or pH 7.2 in the presence 
of tetracycline in order to inhibit further protein 
synthesis, and protein levels were examined. 
Whereas the levels of DnaK and a functional 
3Flag-tagged SsaN (an essential component of 
the SPI-2 T3SS) were relatively stable over this 
period at either pH, levels of both SsaL-3Flag 
and T7-SsaM declined. However, the rate of 
decline was much greater in bacteria after ex- 
posure to pH 7.2 as compared with that after 
exposure to pH 5.0 (Fig. 4B). To determine 
whether intrabacterial levels of SsaL and SsaM 
were affected after translocon pore assembly in 
vivo, HeLa cells were infected for 6 hours with 
the wt-3tag strain or by a mutant version lacking 
all three translocon proteins. The levels of SsaL- 
3Flag and T7-SsaM in intracellular wt-3tag bacte- 
ria were consistently lower (by 36.7 + 1.3% and 
33.7 + 3.6%, respectively) as compared with their 
levels in the strain that could not assemble a 
translocon pore (Fig. 4C) but had an otherwise 
functional T3SS (fig. S7). Furthermore, loss of 
SsaL-3Flag and T7-SsaM was prevented by 
reducing pHcyt and induced after a subsequent 
increase in pHcyt (causing a loss of 57.3 + 0.6% 
and 60.2 + 1.9%, respectively) (Fig. 4C). Thus, in 
infected cells, loss of SsaL and SsaM requires 
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strain (wt) or an isogenic translocon mutant (sseA-D). At 
3.5 hours after invasion, some wt-infected cells were treated with digitonin (wt + dig), and exposed to pHe 6.0 
for 2.5 hours (6.0) or pHe 6.0 for 1.5 hours, then changed to pHe 7.2 for another 1 hour (6.0 > 7.2). Cells 
were lysed at 6 hours after invasion and analyzed by means of immunoblotting. 


near-neutral pHcyt and formation of the trans- 
locon. The translocon pore provides a means by 
which intravacuolar bacteria could sense pHcyt, 
leading to dissociation and degradation of 
regulatory complex components, triggering ef- 
fector delivery (fig. S8). 


Acidic ambient pH suppresses effector secre- 
tion but is necessary for translocon protein secre- 
tion (3, 4, 10). The SsaL/SsaM/SpiC regulatory 
complex has a critical role in this process by 
acting as a “gatekeeper,” enabling translocon pro- 
tein secretion while suppressing effector secretion 


21 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 20, 2010 


at pH 5.0. This complex is likely to interact with 
the cytoplasmic region of basal body of the se- 
cretion apparatus and to respond to an uniden- 
tified pH sensor. The sensor is unlikely to be part 
of the translocon because the translocon dele- 
tion mutant displayed wild-type levels of ef- 
fector secretion upon pH upshift (fig. S7). The 
sensor might be the needle subunit itself, which 
has been implicated in signaling the trans- 
locator to effector switch in Shigella (11) and 
Yop secretion by Yersinia (12). Another possi- 
bility is that translocon pore assembly changes 
the pH gradient within the needle channel and 
that the sensor is located toward the base of the 
secretion apparatus. Changes in pH from mildly 
acidic to neutral can have dramatic effects on pro- 
tein folding; for example, some bacterial toxins 
refold after their translocation from acidic endo- 
somes to the host-cell cytosol in a partially un- 


folded state (J3). The SPI-2 T3SS pH sensor 
might thus undergo a conformational change on 
exposure to neutral pH and transduce a dissocia- 
tion signal to the SsaL/SsaM/SpiC complex. 
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The interactions of protein kinases and phosphatases with their regulatory subunits and 
substrates underpin cellular regulation. We identified a kinase and phosphatase interaction 

(KPI) network of 1844 interactions in budding yeast by mass spectrometric analysis of protein 
complexes. The KPI network contained many dense local regions of interactions that suggested new 
functions. Notably, the cell cycle phosphatase Cdc14 associated with multiple kinases that revealed 
roles for Cdc14 in mitogen-activated protein kinase signaling, the DNA damage response, and 
metabolism, whereas interactions of the target of rapamycin complex 1 (TORC1) uncovered new 
effector kinases in nitrogen and carbon metabolism. An extensive backbone of kinase-kinase 
interactions cross-connects the proteome and may serve to coordinate diverse cellular responses. 


sponses to growth factors, environmental 
signals, and internal processes by the reg- 
ulation of protein interactions, enzyme activity, 
or protein localization (/). However, the protein 
interactions of kinases, phosphatases, and their 
regulatory subunits and substrates remain sparse- 
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ly mapped, particularly in high-throughput (HTP) 
datasets [fig. S1 (2)]. To chart the budding yeast 
kinase and phosphatase interaction (KPI) net- 
work, we systematically characterized protein 
kinase and phosphatase complexes by rapid 
magnetic bead capture, on-bead protein digestion, 
and mass spectrometric identification of asso- 
ciated proteins, using different epitope tags and 
expression systems [fig. S2; (2)]. One hundred 
thirty protein kinases, 24 lipid and metabolic 
kinases, 47 kinase regulatory subunits, 38 protein 
phosphatases, 32 phosphatase regulatory sub- 
units, and 5 metabolic phosphatases were ana- 
lyzed (tables S1 and S2). 

We eliminated nonspecific interactions using a 
statistical model called Significance Analysis of 
Interactome (SAINT). In contrast to simple thresh- 
old models, SAINT assigns the number of peptide 
identifications for each interactor to a probability 
distribution, which is then used to estimate the 
likelihood of a true interaction (2). We validated 


SAINT on multiple independent purifications 
for several kinases and expression levels (fig. 
S3 and tables S3 to S5). A final KPI dataset of 
1844 interactions between 887 protein partners 
was generated from more than 38,000 unfiltered 
identifications at a stringent SAINT threshold of 
P > 0.85 (fig. S4 and tables S1 and S2). High- 
confidence interactions were recovered for 120 
protein kinases (fig. S5; see fig. S6 and table S6 
for validation). For a number of kinases, we dem- 
onstrated that associated proteins were substrates 
in vitro (figs. S7 and S8 and table S7). Our dataset 
doubled the number of KPIs obtained in previous 
low-throughput (LTP) studies and performed as 
well as LTP data against an unbiased HTP high- 
confidence (HTP-HC) benchmark dataset [fig. S1 
(2)]. Clustering of all kinases and phosphatases by 
their interaction profiles revealed locally dense re- 
gions in the KPI network (Fig. 1A and fig. S9). 

The Cdcl4 phosphatase formed one of the 
largest single hubs in the network with 53 inter- 
action partners, including 23 kinases and 5 phos- 
phatases (Fig. 1B, fig. S6, and table S6). Cdcl4 
antagonizes mitotic cyclin-dependent kinase (CDK) 
activity and is activated by the mitotic exit net- 
work (MEN) upon completion of anaphase (3). 
Many Cdcl4 interactors were shared with its 
anchor protein Net! and the nicotinamide ade- 
nine dinucleotide (NAD*)-dependent histone de- 
acetylase Sir2 that together with Cdc14 form the 
nucleolar RENT complex (4). New connections 
between Cdcl4 and other mitotic regulators 
included the CDK-inhibitory kinase Swel, the 
cytokinesis checkpoint protein Boil (5), and two 
activators of cytokinesis, Cbk1 and Ace2 (6). 
Cdcl4, Netl, and Sir2 each interacted with the 
DNA damage checkpoint kinases Chk1 and Dun1. 
In support of a role for Cdc14 in the DNA dam- 
age response, we found that ectopic expression 
of Cdc14 caused sensitivity to the DNA-damaging 
agent methylmethane sulfonate (MMS), while 
a strain defective for Cdc14 function was sen- 
sitive to the ribonucleotide reductase inhibitor 
hydroxyurea (Fig. 1C). Interactions between the 
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RENT and the nutrient-sensing TOR complex 1 
(TORC1) were supported by the finding that in- 
creased Cdc14 activity caused rapamycin sensi- 
tivity, whereas reduced Cdc14 function caused 
rapamycin resistance (Fig. 1D), suggesting that 
Cdc14 may antagonize TOR signaling. Cdc14 
also interacted with the energy-sensing adeno- 
sine 5’-monophosphate (AMP)-—activated ki- 
nase (AMPK) Snf1 and its upstream kinase Sak1; 
AMPK activates glucose-repressed genes in yeast 
and is an upstream inhibitor of TOR activity in 
metazoans (7). Deregulation of Cdce14 caused a 
severe defect in growth on glycerol medium and 
sensitivity to 2-deoxyglucose (Fig. 1D). 

Cdc14 exhibited connections with three dif- 
ferent mitogen-activated protein kinase (MAPK) 
modules. Interaction of the pheromone MAPK 
pathway kinases Fus3 and Ste7 with Cdc14 was 
supported by the finding that constitutive expres- 
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sion of Cdc14 caused partial pheromone resistance 
(fig. S10). Cdc14 interacted with the high osmo- 
larity glycerol (HOG) pathway MAPK kinase Pbs2; 
consistently, constitutive expression of Cdcl4 
caused sensitivity to osmotic stress (Fig. 1E). The 
HOG pathway is also known to stimulate mitotic 
exit (8). The upstream cell wall integrity (CWI) 
MAPK kinase Bck1 interacted with Cdcl4; a 
cdc] 4-3 strain was sensitive to the cell wall stress 
agent calcofluor white (Fig. 1E). These CWI in- 
teractions extended along each pathway because 
the conditional MEN alleles mob1-77 and cdc15-2 
exhibited specific synthetic lethal interactions with 
either s/t2A or bck/A mutations; this lethality was 
alleviated by growth on iso-osmotic medium but 
not by a catalytically inactive mutant of Slt2 (Fig. 
1F and fig. S10). These data reveal Cdcl4 as a 
nexus for cell cycle, checkpoint, metabolic, and 
stress signals (fig. S10). 
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The TORC1 and TORC2 kinase complexes 
are conserved from yeast to human and control 
macromolecular synthesis and polarized morpho- 
genesis, respectively; TORC1 is sensitive to the 
macrolide rapamycin, whereas TORC2 is not (9). 
In the KPI dataset, TORC1 and TORC2 formed 
a highly connected subnetwork of 28 interaction 
partners, including 13 kinases and 4 phosphatases 
(figs. S6 and S11 and table S6). These connec- 
tions established new links between TORC1 and 
the mitochondrial retrograde (RTG) signaling 
pathway (/0), which induces genes required for 
glutamate production (fig. S12). Multiple TORC1 
subunits exhibited previously undocumented in- 
teractions with the kinases Fmp48, Nnk1, Npr1, 
and Ksp1 (Fig. 2A and fig. S11). 

Fmp48 is a kinase of unknown function that is 
associated with mitochondrial subcellular frac- 
tions (//). Consistent with interactions among 


s, DNA 
‘damage 


Fig. 1. Cdc14 phosphatase network. (A) Hierarchical two-dimensional clustering 
of bait interaction profiles in the KPI dataset. See fig. S9 for full clustergram. 
Networks for indicated clusters and other kinases are shown in fig. $19. (B) Cdc14- 
Net1-Sir2 (RENT) interaction network. Kinases are in orange, phosphatases in blue, 
kinase-associated proteins in yellow, and other proteins in gray. Red connecting 
lines indicate KPI interactions, gray lines LTP interactions, and gray dashed lines 
HTP-HC interactions. Line thickness indicates peptide count of interaction; node size 
is proportional to total number of interactions in the KPI dataset. Bold dashed circle 
indicates RENT complex and known associated proteins. RAM, regulation of Ace2p 
activity and cellular morphogenesis. (C) Sensitivity of a GAL1-CDC14 strain to 


0.03% methyl methanesulfonate (MMS) when induced by 0.02% galactose (see 
fig. S20 for expression titration) and a cdc14-3 strain to 200 mM hydroxyurea (HU) 
at 33°C. (D) Sensitivity of a GAL1-CDC14 strain to either rapamycin (5 ng/ml) or 
glycerol medium when induced by 0.05% galactose. Resistance of a cdc14-3 strain 
to rapamycin (20 ng/ml) and sensitivity to 2-deoxyglucose (DG, 100 g/ml) at 
33°C. (E) Sensitivity of a GAL1-CDC14 strain to 1 M sorbitol when induced by 
0.05% galactose. Sensitivity of a cdc14-3 strain to calcofluor white (CFW, 18 1g/ 
ml) at 33°C. (F) Representative tetrads bearing combinations of slt2A, bck1A, 
cdc15-2, and mob1-77 alleles. Double-mutant spore clones are circled in yellow; 
pbs2A and tor1A served as negative controls. 


21 MAY 2010 VOL 328 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on May 20, 2010 


Fmp48, TORC1, and the RTG inhibitor Mks1, 
elevated expression of FMP48 caused a growth 
defect on nonfermentable glycerol medium and 
rapamycin resistance on a fermentable carbon 
source (Fig. 2B). Overexpression of FMP48 caused 
abnormal mitochondrial morphology (Fig. 2C) 
and repression of genes encoding tricarboxylic acid 
cycle enzymes, electron transport chain compo- 
nents, and subunits of the adenosine 5’-triphosphate 
(ATP) synthase (Fig. 2D). Fmp48-associated kinase 
activity was specifically increased by rapamycin 


treatment (Fig. 2E), suggesting that Fmp48 relays 
TORCI signals to the RTG pathway and mito- 
chondrial function. 

The uncharacterized kinase Yk1171w, renamed 
Nnk1 for nitrogen network kinase, associated 
with all TORC1 subunits (fig. S11) and with 
Gdh2, the NAD-dependent glutamate dehydro- 
genase that catalyzes deamination of glutamate 
to a-ketoglutarate and ammonia (/2). Gdh2 was 
phosphorylated by Nnk1 complexes in vitro (Fig. 
2F), and a gdh2A strain was resistant to rapamycin 


REPORTS 


when grown on glutamate as the sole nitrogen 
source (Fig. 2G), whereas overexpression of 
NNKI conferred hypersensitivity to rapamycin 
(Fig. 2H). Nnk1 also interacted with the TORC1 
effector Ure2, which regulates the nitrogen catab- 
olite response by sequestering the transcription 
factor Gln3 in the cytoplasm (/2). Overexpres- 
sion of NNK/ induced rapid nuclear accumula- 
tion of Gln3 (Fig. 21) and increased transcription 
of Gln3 target genes (Fig. 2J), suggesting that 
Nnk! activity antagonizes the Ure2-Gln3 inter- 
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Fig. 2. TORC1 kinase network. (A) Partial network of new TORC1-associated 
kinases. (B) Overexpression of GAL1-FMP48 inhibits growth on glycerol and confers 
rapamycin resistance. (C) Overexpression of GAL1-FMP48 causes abnormal 
mitochondrial morphology as visualized with an Ilv3°? mitochondrial matrix 
fusion protein (GFP, green fluorescent protein). DIC, differential interference 
contrast. (D) Genome-wide expression profiles of GAL1-FMP48 and GAL1-MKS1 
strains induced with 0.2% galactose. RTG-responsive (orange), mitochondrial (red), 
stress-responsive (green), and Gln3/Gcn4-responsive (blue) genes are marked. (E) 
Fmp48™ or Sch9"*° complexes were immunopurified from cells grown in the 
presence or absence of rapamycin (200 ng/ml) for 30 min, then incubated with 


5 3015-15 3-5 
[?P]-y-ATP, and radiolabeled species were resolved by SDS—polyacrylamide gel 
electrophoresis. Nonregulated Sch9-associated activity served as a negative control. 
(F) Immunopurified Nnk1™*° complexes were incubated with [?*P]-y-ATP, then 
denatured, and radiolabeled Gdh2 species were repurified with antibody to 
hemagglutinin (HA). (G) A gdh2A strain is rapamycin resistant when glutamate is 
the sole nitrogen source. (H) Expression of GAL1-NNK1 in 2% galactose confers 
sensitivity to rapamycin (5 ng/ml). (I) Expression of GAL1-NNK1 in 2% galactose for 
1 hour causes nuclear accumulation of Gln3°*, (J) Expression of GALZ-NNK1 in 
0.2% galactose for 1.5 hours specifically induces Gln3 target genes. Color bar 
indicates fold increase (red) or decrease (green) relative to empty vector control. 
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Fig. 3. A kinase-kinase (K-K) network connects the proteome. (A) Combined 
K-K interaction network derived from the KPI, LTP, and HTP-HC datasets. 
Interactions from known kinase regulatory subunits and paralogs were col- 
lapsed into single nodes (table S8). The reduced network contains 156 
interactions between 75 kinases, 66 of which contain documented phos- 
phorylation sites (table $9). Colors indicate fraction of GO Super-Slim bio- 
logical processes assigned by interaction partners of each kinase (2). (B) 


action. The expansive TORC1 network also in- 
cluded other nutrient-sensing kinases (Npr1, Snfl, 
Gen2, and Ksp1; fig. S11) (73), transcription- 
associated kinases (Tral and Tpk2), MAPK mod- 
ule components (Bck1 and Kdx1), cell cycle kinases 
(Ime2, Mih1, and Clb2-Cdc28), an mRNA splicing 
kinase (Sky1), and a ribosome biogenesis kinase 
(Rio2). These findings underscore the central role 
of TOR in cell growth. 

In a global protein interaction network con- 
structed from the KPI, LTP, and HTP-HC data- 
sets (2), kinase-kinase (K-K) interactions were 
significantly enriched compared to all other ki- 
nase interaction partners (P < 3 x 10 °) and col- 
lectively formed a highly interconnected K-K 
network (Fig. 3A, figs. S13 and S14, and table 
S8). Consistent with a trans-kinase phosphoryl- 
ation network (/4), we assigned 607 phospho- 
rylation sites on 98 kinases (fig. S15 and table 
S9). This K-K network was extremely robust to 
fragmentation by hub deletion (Fig. 3B) and was 
far less modular than previous less-complete K-K 
networks [fig. S16 (2)]. Within the global net- 
work, kinases had a significantly higher centrality 
compared to nonkinase nodes [P < 10 '° (2)], 
suggesting that kinases might unify cellular reg- 
ulation. To test this idea, we identified dense clus- 
ters of interactions (cliques or complexes) in the 
global interaction network, then determined the 
extent of clique cross-connection by kinase inter- 
actions. More than 80% of the proteome was 
interlinked by kinases in this manner (fig. S17), a 
significantly larger fraction than in random net- 
works [P < 10 * (2)]. The potential for kinases to 
co-regulate otherwise separate functions was fur- 
ther revealed by the diversity of Gene Ontology 
(GO) biological processes associated with kinase 


interaction partners (Fig. 3C and fig. S18). The 
multifunctionality of kinases, as defined by asso- 
ciated GO terms, was markedly increased by the 
KPI dataset (Fig. 3D). 

Cellular processes are controlled by a multi- 
tude of low-affinity interactions, as often mediated 
by short linear motifs embedded in disordered pro- 
tein regions (/5, 16). The KPI network is highly 
enriched for disordered regions as compared to 
the entire proteome [P < 10 1° (2)]. This physical 
organization may allow the cell to overcome sto- 
chastic limitations in signal propagation, integra- 
tion, and downstream responses (/6). In human 
cells, kinase-mediated signaling can readily propa- 
gate across pathways (/7) and may dictate complex 
decisions through a broadly distributed network 
of effectors (18, 19). Moreover, phosphorylation- 
based feedback loops often enable cooperative 
responses, tuning of network outputs, and entrained 
states (20-22). The densely connected and non- 
modular architecture of the KPI network suggests 
that the interaction of many such circuits will un- 
derpin cellular information flow (23). 
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drops and easily distinguish protein crystals from nonprotein crys- 
tals (such as salt or detergents). The Minstrel HT UV features Clean 
Light Technology, which provides illumination with the wavelength 
optimized for the absorption of the fluorescing amino acids, while 
reducing the light that can result in photo damage to proteins. The 
fluorescent light resulting from the protein is then digitally recorded 
by a specialized 5.1 megapixel charge-coupled device sensor. This 
camera, attached to a unique single microscope optical train, also 
allows for UV imaging to be combined with either monochromatic, 
color, or polarized color imaging in the visible spectrum. 

Rigaku 

For info: 760-438-5282 | www.rigaku.com 


MINIATURE SPECTROMETERS 

The XR Series of extended range, miniature, fiberoptic spectrom- 
eters covers a wide spectral range, providing an optical resolution 
of 2 nm and offering the convenience of a single, monolithic spec- 
trometer to cover all wavelengths from 200 nm to 1,050 nm. A new 
XR-1 grating option overcomes the traditional challenges of provid- 
ing broad ultraviolet-nearinfrared coverage in a single miniature 
spectrometer. With a 500 lines/mm density, the grating delivers high 
performance at a budget-friendly price, without increasing the foot- 
print. The XR-1 grating is available preconfigured in the USB2000+, 
JAZ-EL2000, and USB4000 spectrometers and can also be added as 
an option on custom-built systems. The instruments feature a propri- 
etary ordersorting filter applied directly to the detector to eliminate 
second-order and third-order effects. 

Ocean Optics 

For info: 727-733-2447 | www.OceanOptics.com 


MOTORIZED MICROSCOPE STAGE 

The Prior H117P2IX flat-top stage for the Olympus |X series of 
inverted microscopes is suitable for all high-precision and material 
science scanning operations, with specific attention in its design 
given to assisting researchers doing prolonged live cell studies. The 
newest version of the stage maximizes access to the nosepiece for 
correction collar adjustment. Its miniaturized drive boxes occupy 
a fraction of the space of previous models, providing easy access 
to the nosepiece area. By mounting all the drive components 
below the top plate, the H117P2IX also provides easy access for 
micromanipulators, environmental chambers, and robotic loaders. 
The stage allows for scanning using a broad range of sample holders, 
including microtiter plates, slide holders, petri dishes, well plates, 
flasks, and metallurgical sample holders. 

Prior Scientific 

For info: 781-878-8442 | www.prior.com 
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